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Abstract 
This dissertation was written as a part of the MSc in Energy Systems and supervised 
by Dr. Dimitrios Anastaselos. The main objective of the thesis is to investigate the im-
pact of different ventilation strategies that can be implemented in new and existing 
buildings in hot climates and specifically under climatic conditions prevailing in the 
Mediterranean Region. 
In the context of the study, a reference building model has been developed and its 
energy performance has been evaluated. The model incorporates features proposed by 
design frameworks for net zero energy buildings. Α base case ventilation scenario has 
been defined as well. 
Different variants of the base case ventilation scenario have been simulated and the 
impact of each one on the cooling energy demand, overall energy consumption and in-
door temperature was evaluated. The interaction of ventilation with buildings’ construc-
tion parameters (thermal mass, heat transfer coefficients) has been also assessed.  
The requirements for energy generation from RES induced by each scenario have 
been identified and the feasibility of the net zero energy balance was tested. 
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1 Introduction 
The need for energy efficient buildings has been systematically addressed by several 
countries and international organizations, as a step for the reduction of energy consump-
tion and the mitigation of CO2 emissions. The EU Directive recast on the Energy Per-
formance of Buildings has determined that new buildings should meet the nearly-zero 
energy target by the end of 2020. [1] Meanwhile, a considerable research effort for the 
development of generally accepted roadmaps and frameworks towards net-zero energy 
buildings (NZEB) is ongoing. 
Although several definitions have been proposed in literature to describe a net-zero 
energy facility, the most common one defines a NZEB as a grid-connected building that 
utilizes energy efficient technologies and design approaches for the minimization of en-
ergy loads. Energy-saving measures include enhanced building envelope characteristics, 
proper design and utilization of lighting and appliances, implementation of high per-
formance building energy systems or application of passive heating and cooling tech-
nologies. The resulted annual energy consumption is then balanced by the energy pro-
duced usually on site with the application of renewable energy systems such as photo-
voltaic and solar thermal panels or small-scale wind systems.   
The selection of the appropriate energy efficiency measures for the attainment of the 
net zero energy balance is dependent on various parameters. Climate type is one of the 
factors that should be taken into account during the design stage of a net zero energy 
building. In cold climates, the selection of the heating system, the maximization of solar 
heat gains through proper design of the openings and the reduction of heat loss with in-
creased insulation are issues of great importance. 
On the other hand, in warm and hot climates energy demand for cooling usually ex-
ceeds that for heating. The challenges in such an environment are to manage solar heat 
gains and internal loads effectively to implement low-consumption cooling systems and 
to implement passive techniques for the mitigation of cooling loads. 
Ventilation, the process by which fresh air is circulated in a building, is essential for 
the assurance of acceptable air quality. Furthermore, ventilation could be applied in or-
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der to provide thermal comfort and contribute to the reduction of cooling loads and the 
minimization of active cooling systems operation. In particular natural ventilation forms 
a passive cooling alternative which does not burden the energy balance of the building, 
as it is driven by natural forces. In case that natural ventilation is not sufficient due to 
the need for increased and controllable air flow rates, mechanical or mixed-mode venti-
lation could be implemented instead, at the expense of higher energy requirements. 
1.1 Thesis contribution 
The main objective of the thesis is to investigate the impact of different ventilation 
strategies that can be implemented in new and existing buildings in hot climates. 
In the context of the study, a reference building model (residential building) has 
been developed and its energy performance has been evaluated by means of the building 
energy simulation tool Energy Plus. The study concerns with different locations – and 
climate zones – of the broader Mediterranean region. All locations selected share a 
common characteristic, that cooling loads overcome heating loads to a greater or lesser 
extent. 
The model incorporates features that are specified in generally accepted frameworks 
for the design and construction of net zero energy buildings, such as air tightness, en-
hanced opaque and glazing elements and energy efficient –but conventional – heating, 
domestic hot water and cooling systems. A base case scenario for free cooling with nat-
ural ventilation has been also applied in the model. 
In the course of the study, variants of the initial ventilation scenario have been simu-
lated and the impact of each one on cooling energy demand, overall energy consump-
tion and indoor temperature was evaluated. The simulated strategies involved the im-
plementation of different ventilation rates and modified schedules of summer night ven-
tilation. To assess the interaction of natural ventilation with buildings’ construction 
techniques, natural ventilation scenarios have been applied in variants of the building 
model in terms of  building envelope parameters (U-values) or levels of thermal mass. 
Apart from natural ventilation, additional scenarios were studied with the implemen-
tation of an energy recovery ventilation system. 
The requirements for energy generation from RES induced by each scenario have 
been identified and the feasibility of the net zero energy balance in each case was tested. 
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1.2 Thesis organization 
This dissertation is organized in six chapters.  
The present chapter (Chapter 1) provides an introduction to the main aspects of the 
dissertation.  
Chapter 2 presents an extensive bibliographical research on relative research works. 
First of all, several methodological frameworks regarding the design and implementa-
tion of net zero energy buildings – either residential or commercial/office – have been 
reviewed. Relative research on the application of natural, mechanical and hybrid venti-
lation for the provision of thermal comfort has been also reviewed. Emphasis was laid 
on research regarding hot and warm climates, but the review covered studies related to 
other climate types as well. 
In Chapter 3, the principles governing different ventilation technologies and systems 
are presented. Criteria and parameters which influence ventilation design are described 
and the main standards and regulations regarding ventilation are listed. Reference is 
made to the various categories of natural ventilation and on building design approaches 
for natural ventilation enhancement. A detailed presentation of mechanical ventilation 
systems is provided, including supply, extract and balanced ventilation and energy re-
covery systems. Finally, the main aspects of hybrid ventilation are outlined. 
Chapter 4 describes the methodology followed in the analysis. The general assump-
tions regarding the simulation model are stated and a detailed outline of the simulation 
model is given. Finally, the scenarios involved in the comparative analysis are present-
ed. 
Chapter 5 concerns with the results of the simulation analysis. In this chapter the 
overall energy performance, cooling energy demand, impact on indoor temperature and 
renewable energy demand of each strategy, presented in chapter 4, is identified. 
Finally, chapter 6 is associated with the conclusions drawn from the simulation 
analysis. Also possible aspects that could be investigated in the context of future work 
are discussed. 
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2 Literature review 
In the present chapter, a detailed literature review on the implementation of ventila-
tion strategies in residential and commercial buildings will be provided.  The literature 
review will cover case studies related to various ventilation techniques, including natu-
ral, mechanical and hybrid ventilation and will focus mainly at the implementation in 
hot and warm climates.  
This chapter will also provide a short introduction on net-zero energy building defi-
nitions and design frameworks, as the net zero energy goal concept constitutes a study 
objective of this dissertation.  
2.1 The net-zero energy concept 
Different definitions of a net-zero energy building (NZEB) and a variety of energy 
balance calculation approaches have been proposed in literature. Marszal et al. have 
compiled a review on the main NZEB balance parameters; that is the metric of balance, 
the balancing period, types of energy use and grid interconnection issues. According to 
the review, primary energy is favored as the balance metric in most cases so as to ensure 
compliance with the latest EPBD. Annual period is preferable as the balance period, be-
cause in the majority of building simulation software, the annual energy balance is cal-
culated. A similar definition framework is suggested by Sartori et al.  [2][3]. 
Primary energy is also chosen as the balance metric in the NZEB certification 
scheme suggested by Dall’ O et al. [4]. Although final energy could be used instead, 
primary energy provides a measure of CO2 emissions. The proposed scheme considers 
the following energy uses in the calculation of energy balance:  
• Winter heating and ventilation 
• Summer cooling and ventilation 
• Hot water supply 
• Electricity use  
-6- 
A research review on zero energy buildings is conducted by Li et al. The review is 
focused on the two main design requirements of NZEBs, which are the minimization of 
energy consumption by means of energy efficient measures, and the implementation of 
renewable technologies to compensate for the energy demand. Proposed energy effi-
ciency measures encompass:  
• the enhancement of building envelope characteristics with the maximization 
of thermal insulation, the integration of thermal mass with night ventilation 
and the improvement of glazing thermal parameters. 
• the improvement of internal conditions with proper adjustment of thermo-
stats and mitigation of internal loads 
• the implementation of energy efficient building service systems 
 
Reviewed renewable energy technologies embrace photovoltaic systems, wind tur-
bines, solar thermal systems, heat pumps for on-site generation and district heat-
ing/cooling for off-site generation. 
The study also identifies aspects of ZEB design and construction that demand fur-
ther investigation and research, such as life-cycle cost and environmental impact, social 
policy issues and economic viability of zero energy buildings. [5] 
The definition of a framework for the design of low-rise Net Zero Energy Buildings 
in mild Mediterranean climates is aimed by Evola et al. The study provides a methodol-
ogy for the calculation of primary energy consumption and suggests interventions for 
the reduction of primary energy and the attainment of net zero energy objectives. 
A two-storey terraced house located in the region of Bari in Southern Italy was cho-
sen as the reference building. Evaluation of primary energy consumption was done by 
means of dynamic simulations with Energy Plus or recorded statistical data. 
According to the study, enhancement of the building envelope and glazed elements 
results in a slight increase of primary energy demand for cooling, although the sum of 
heating and cooling demand decreases. On the contrary, the installation of external 
shading devices or utilization of natural night ventilation has a positive effect on the 
cooling load. It is shown that the net zero energy balance is achieved and the cost effec-
tiveness of each solution is evaluated by comparing the induced cost of the solution 
with the respective benefits in terms of photovoltaic panel installation. [6] 
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The reference study by Ferrante and Cascella also demonstrates that the attainment 
of the net zero energy goal in the Mediterranean region is feasible by means of the inte-
gration of conventional technologies and strategies; roof-mounted solar photovoltaic 
cells, louvers and shutters for solar gain reduction, enhanced insulation and air/conduit 
systems for natural ventilation.  
A design framework is proposed for a town located in Southern Italy. Climatic con-
ditions are characterized by low heating degree days, high annual solar radiation, in-
creased levels of air temperature in summer and windy winters. The calculated Energy 
Cooling Index for the case study building is higher than the respective Energy Heating 
Index. The study shows that the energy demand is compensated by the implementation 
of solar PV panels and Aeolian micro wind plants for energy generation. [7] 
A similar work by Kapsalaki et al. suggests a methodological framework for effi-
cient net zero energy design in detached houses. The study identifies the key design var-
iables and their relation to energy uses, proposes a methodology for the calculation of 
energy demand and supply and defines economic indicators for life-cycle cost assess-
ment. The framework is tested in three case study building models located in different 
climates: Stockholm, Lisbon and Heraklion in Crete.  
It is pointed out that parameters such as thermal insulation and thermal mass, type of 
glazing and shading, infiltration rate and ventilation and the efficiency of the cooling 
system have considerable impact on the cooling loads of the reference building models. 
Moreover, the influence of building inertia on the cooling loads renders calculation of 
peak cooling demand an extremely challenging process.  
The interrelation between initial and life-cycle cost is also investigated. The study 
highlights the design solutions with the lowest life-cycle cost for the different case stud-
ies. It is concluded that the less costly configurations in terms of initial cost are also 
cheaper in terms of life cycle cost, because investment in energy efficiency measures 
allows the installation of small-scale, low cost energy systems. [8] 
Da Graca et al. have conducted a feasibility study for a typical single family house 
in the mild climate of Lisbon. The steps followed in the analysis comprise:  
• the definition of net zero energy houses for southern Europe climate, 
• the implementation of the thermal simulation model in two detached build-
ing geometries, 
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• the definition of relations between final energy and building envelope, occu-
pant behavior and efficiency of the appliances, 
• the sizing of renewable energy systems for achieving net zero energy and 
• a financial analysis in terms of simple payback and net profit. [9] 
Embodied energy, the total energy required for the extraction, processing, manufac-
turing and delivery of the building materials is often neglected in the process of energy 
balance calculation and life-cycle analysis. However, the use of high embodied energy 
building elements is usually required for the reduction of the operating energy demand 
of a building.  
Cellura et al suggest a methodology for Net Zero Energy Buildings, where a life-
cycle perspective including embodied energy is introduced. The reference model is a 
three-storey, single building located in central Italy near Ancona. [10]  
The building has improved building element capabilities and it is equipped with the 
following components: 
• a solar collector system 
• geothermal probes 
• a heat pump 
• an air handling unit for mechanical ventilation 
• an auxiliary boiler, and 
• a photovoltaic system 
The building meets the net zero energy objectives in terms of final energy consump-
tion. The authors have proceeded to the evaluation of the energy balance of the building 
by considering also primary energy and Lower Carbon Emissions driven embodied en-
ergy as the balance metrics. 
The embodied energy of the building and its components (valued as primary energy) 
consists of: 
• Initial embodied energy, which is the energy demand associated with the 
transportation and technical installation of the building related components 
• Recurring embodied energy, which is related to maintenance and refurbish-
ment of the building components 
• Demolition embodied energy 
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Fig. 2.1 Final energy (1), primary energy (2), and LCE Net ZEB balance (3). [10] 
 
As it is depicted in Fig. 2.1, according to the evaluation of the energy balance there 
is a 30MWh/y deficit, when primary energy is used as a balance metric (2) instead of 
final energy (1). The deficit is further increased, if embodied energy of the building 
components is taken into consideration in the energy balance. 
2.2 Ventilation as a cooling strategy 
Thermal comfort is evaluated by various indicators and metrics. Carlucci and Pagli-
ano have reviewed several indices related to general thermal discomfort of a building. 
They have evaluated these indices by incorporating them in the assessment of thermal 
conditions in large office building variants during summer period. It is claimed that the 
adoption of a different index could cause changes in the designation of the optimal 
building variant. [11, 12] 
The identification of the parameters that affect heating and cooling demand is an es-
sential step for the implementation of the energy-efficient building design strategies. It 
is important to know the impact of each parameter on energy performance at the design 
stage, because later interventions could turn out to be less cost-effective. 
A sensitivity analysis is a useful method in order to determine the most important 
factors that affect heating and cooling loads. Yildiz and Arsan have suggested a method 
based on sensitivity analysis for a multi-storey apartment building in a hot and humid 
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region. The analysis shows that the selection of different parameter values could lead to 
a large variation of the values regarding heating and cooling energy demand.  
The input parameters assumed to influence cooling and heating loads were building 
shape, window-to-external wall area, heating and cooling thermostats, heat transfer co-
efficients of the building envelope materials, level of thermal insulation, zone height, 
infiltration rate and rate of natural ventilation. 
The sensitivity analysis has shown that the importance of each parameter is diversi-
fied from ground to upper floors. Ventilation appears to be more influential in the 
ground floor. It also appears to play a minor role in the energy performance compared 
to the orientation of the building, air-tightness, set point temperatures and glazing prop-
erties. [13] 
A review of different active and passive cooling strategies for reducing cooling 
loads and minimizing internal heat gains is conducted by Hughes et al. Night ventilation 
and wind towers were compared with other active cooling technologies and systems, 
such as desiccant cooling, absorption cooling, air handling units and packaged terminal 
air conditioners.  
It is emphasized that natural night ventilation is more efficient in regions with sig-
nificant temperature differences between day and night. Such differences are capable of 
driving single-sided, cross or stack ventilation.   
Wind towers are extremely efficient in terms of coefficient of performance and en-
ergy consumption, especially in unobstructed areas, where wind forces are exploited. 
However, they might induce extremely high air velocities leading to uncontrollable 
thermal conditions and overcooling. Fan-assisted night ventilation could increase ener-
gy consumption considerably. Stand-alone night ventilation could contribute to the re-
duction of cooling loads preventing at the same time from excessive consumption of 
energy. [14] 
Santamouris et al investigated the potential of passive cooling technologies, such as 
reflective coating, ground cooling and ventilation strategies for low-income houses with 
poor indoor conditions. The potential of natural or hybrid ventilation techniques is un-
derlined in this paper and relative studies are referenced. [15] 
According to the study, increased air velocities in tropical climates can maximize 
thermal comfort. Indoor air velocities should be set at 1.00-1.50m/sec in warm climates. 
Night ventilation of 12 ACH is proposed as an efficient ventilation strategy when com-
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bined with daytime ventilation of 1 ACH. Other natural ventilation techniques high-
lighted are solar chimneys and wind towers.  
Outdoor air pollution and noise could be a major drawback for the use of natural 
ventilation systems. Therefore in urban areas, hybrid ventilation could provide a better 
alternative than single-sided ventilation strategies. 
Various passive solar cooling technologies are reviewed in the study of Chan et al 
and their positive effects on carbon dioxide emissions and energy consumption is under-
lined. [16] 
The passive cooling and heating techniques presented in this review operate on the 
basis of the same mechanism by exploiting buoyancy phenomenon. The Trombe wall is 
proposed as a design technique for the facilitation of natural ventilation in buildings.  
The solar chimney, already mentioned in other reviews, enhances cooling load reduc-
tion when it operates at natural ventilation mode. Finally, the solar ventilated roof is 
mentioned as an effective ventilation technique for cooling load reduction, especially in 
regions with high solar altitude (hot climates).  
Saadatian et al provide an extensive review of different wind catcher technologies 
and configurations. Wind catchers exploit buoyancy and wind effect and can provide an 
efficient natural or hybrid ventilation alternative, especially if they are integrated with 
other building designs, such as solar chimneys. [17] 
Santamouris and Kolokotsa have conducted a detailed review of studies about night 
ventilation for different building types, as a passive cooling dissipation technique (the 
others being evaporative cooling and earth to air heat exchangers). [18] 
In the context of an international competition of high efficiency solar houses held in 
Madrid, eighteen building case studies competed. The task was to design a house in 
which temperature will be kept within a specified range to attain acceptable thermal 
comfort, while at the same time the produced energy through solar PV power will com-
pensate for the energy demand of the case buildings. [19] 
The building models were located in Madrid, a region with severe climatic condi-
tions not only during winter but also in summer. The following diagram summarizes 
various passive cooling strategies - including natural and hybrid ventilation – character-
ized by a high level of sustainability. 
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Fig. 2.2 Passive and hybrid strategies for net zero energy and energy-plus buildings. [19] 
2.3 Simulation studies 
In the subsequent subchapters, various evaluation methods and simulation studies 
regarding ventilation as a cooling strategy will be presented. The studies are concerned 
with both natural and mechanical ventilation. 
2.3.1 Natural ventilation and passive design strategies 
In the framework study of Evola et al., free cooling by means of night ventilation 
was considered and it was selected as one of the strategies leading to primary energy 
reduction.  
Openings equipped with tilt-and-turn devices were considered. The operation of the 
openings in hopper mode during 22:00-07:00 from May to September allows cooling of 
the building through night ventilation. The efficiency of the night ventilation strategy is 
enhanced as a result of the considerable difference between maximum and minimum 
daily outdoor temperature, inducing ventilation rates of up to 6h-1. Prevention from 
overcooling is assured by the application of a control strategy, according to which the 
windows are closed whenever indoor temperature falls below the threshold of 23oC.   
The simulation study shows that implementation of night ventilation results in a 
primary energy reduction for space cooling of 17% without any other mechanical assis-
tance. According to the economic analysis, the net additional cost of such an interven-
tion is almost zero and allows the reduction of the surface of the PV panels that are re-
quired for the attainment of net zero energy balance. [6] 
The study conducted by Faggianeli et al is concerned with the utilization of thermal 
breezes in coastal regions of the Mediterranean to provide natural cross ventilation, ei-
ther during daytime, as a means of comfort ventilation, or during night for passive cool-
ing of the building.  
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The authors introduce the use of climate indicators such as the mean maximum and 
minimum daily temperature, mean thermal amplitude, wind speed and direction and 
regularity of thermal breezes, in order to define a framework for the assessment of a site 
in terms of the natural cross ventilation potential. The study presents the interrelation 
between different temperature indicators and claims that: 
• Both comfort ventilation and passive cooling will be effective if the prereq-
uisite of low minimum and maximum daily temperatures is satisfied. 
• Adequate passive cooling of the building during night is provided, if both the 
criteria of high temperature swing (thermal amplitude) and low mean mini-
mum temperature are met. 
• Passive cooling by night ventilation cannot be attained, in the case that the 
low minimum temperature indicator has a low rating. 
Gas tracer measurements have been carried out in a two-storey building located 
close to the seaside in Corsica, France. The field experiments have shown that the 
placement of the openings in opposite walls of the building and the exploitation of the 
thermal breezes provide ventilation rates of up to 10ACH during night and up to 
26ACH during daytime. The attained rates are sufficient to provide either passive cool-
ing or daytime comfort ventilation. High ventilation rates caused by thermal breezes 
during the day should be controlled. Regularity of the thermal breezes and low air speed 
variability allows the effective control of ventilation by means of fixed tilt angles of the 
openings. [21] 
Various building designs can lead to natural ventilation enhancement and provide 
mitigation of high cooling loads, especially in buildings located in hot and arid climates, 
where ambient temperatures exceed 40oC during summer months. The study of Aboul-
Naga and Abdrabboh considers the implementation of a wall-roof chimney in a refer-
ence building model in Abu Dhabi with excessive cooling loads due to high summer 
temperatures. They have compiled a parametric study to identify the optimum configu-
ration of the roof-solar chimney for the enhancement of natural ventilation efficiency.  
The parametric study proves that the downward extension of the roof-solar chimney 
along one side of the room leads to the maximization of air flow rate. Namely, by in-
creasing the length of the chimney wall from 1.95m to 3.45m results in an 80% increase 
of air flow rate, while lowering the chimney inlet maximizes the air flow rate as well. 
[22] 
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Integration of night ventilation with high thermal mass has been also researched as a 
prospective passive cooling design strategy in hot climates by Shaviv et al. The study 
investigates the relation between ventilation rates, levels of thermal mass (heavy, semi-
heavy, medium-light, light building construction) and diurnal temperature difference 
with the reduction of indoor temperature during summer. The simulations refer to dif-
ferent case-study buildings located along the coastal plane of Israel.  
Simulation results show that a ventilation rate of 20ACH, achieved either by natural 
means or by forced night ventilation, combined with a heavy structure of the building 
(in terms of floor, ceiling, external and internal walls) and a minimum temperature 
swing of 6oC can provide an indoor temperature reduction of 3oC. If the rate of night 
ventilation is lower or the construction of the building is lighter, then a higher diurnal 
temperature difference is required to achieve the same temperature reduction. Results 
also show that there is a linear dependence between indoor temperature reduction 
caused by night ventilation and temperature swing. [23] 
Thermal mass activation integrated with night ventilation is also studied by Corgnati 
and Kindinis. The authors note that the hollow core slab is one of a few building con-
structions capable of activating thermal mass. It is claimed that the cylindrical ducts laid 
in the slab for weight reduction as the primary purpose, also provide an efficient way 
for thermal energy exchange.  
In the context of the study, a numerical simulation was conducted to evaluate the 
thermal performance of the following ventilation strategies in a 50m2 office building 
located in Milan: 
• Direct daily ventilation through wall openings 
• The above strategy supplemented by night ventilation 
• Daily and night ventilation through the hollow core concrete slabs. 
To evaluate levels of thermal comfort, two different discomfort indices were ap-
plied: 
• Discomfort over-temperature Time Percentage, DTP, which is the percent-
age of occupancy period in which an upper value (28oC) of the indoor tem-
perature is exceeded. 
• Weighted Discomfort temperature Index, DI, which is the sum of the weight 
difference between air temperature and upper comfort limit. 
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According to the simulation results, the integration of the hollow core slab with 
night ventilation allows a 1oC reduction of indoor temperature compared to the tradi-
tional ventilation strategies. More than 90% of the occupation period presents tempera-
tures lower than the upper temperature limit of 28oC; this percentage is almost 80% for 
traditional ventilation. About 30% of temperature values are lower than 24oC during the 
occupation period. [24] 
Taleb suggested different passive cooling strategies in residential buildings located 
in the hot and arid climate of the United Arab Emirates. Wind catcher coupled for en-
hancement of cross ventilation is proposed as an efficient way for cooling load reduc-
tion among other strategies such as louver shading, double glazing, green roofing, light 
color coatings, enhanced insulation etc. The author emphasized on the significance of 
external wall openings for the provision of efficient cross ventilation and on the need 
for careful wind tower height calculation to avoid wind turbulences from the rooftop.  
Reduction of the cooling load could reach 9% as a result of the integration of the 
proposed cooling strategies.  Total annual energy consumption can also be reduced by 
23.6%. However, the contribution of natural ventilation alone to the improvement of 
energy performance is not specified. [25] 
The effectiveness of night ventilation strategies for residential buildings in hot-
humid climates has been addressed by Kubota et al. A full-scale field experiment con-
ducted on terraced houses in a hot and humid urban area of Malaysia has indicated that 
cooling load reduction caused by night ventilation is larger than that of other natural 
ventilation strategies, such as daytime ventilation, full-day ventilation or no ventilation 
at all. A decrease of 2.5oC in the peak indoor temperature was attained by night ventila-
tion, in comparison with all-day or daytime ventilation strategies.  
Although thermal comfort is improved in average values, acceptable levels of opera-
tive temperatures during the afternoons (13:00-18:00) were not achieved. Combination 
of night ventilation techniques along with effective design strategies, such as the en-
hancement of ceiling insulation or window shadings, is recommended to provide ac-
ceptable operative temperatures during the afternoons. 
In the same study, thermal comfort is evaluated using Standard Effective Tempera-
ture (SET), an index which takes into account the effects of air temperature, humidity, 
radiation, air velocity, clothing insulation and metabolic rate. Assessment by taking into 
account SET has indicated that effectiveness of night ventilation is deteriorated, mainly 
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due to increased humidity (absolute and relative). Therefore, dehumidification as a hu-
midity control strategy is recommended for the improvement of thermal comfort. [26] 
The efficiency of night ventilation techniques in an urban environment is extremely 
dependent on the local climatic conditions. The analysis of Geros et al shows that the 
use of undistributed climatic data results in an overestimation of night ventilation effi-
ciency.  
During night, ambient temperature is higher inside an urban canyon than outside and 
the difference is dependent on the geometry of the canyon. Reduction of the cooling 
load by evacuation of the heat stored in the building elements is hindered by canyon 
surfaces. At the same time, wind speed is reduced and wind direction is modified by the 
influence of street layouts leading to a reduction of air flow. 
Results of single-sided ventilation measurements show that predictions can be un-
derestimated in terms of ventilation airflow, if the studied zone is located inside an ur-
ban canyon. Real ventilation rates are reduced even more, when cross-ventilation is 
considered as the ventilation strategy. The effect of the urban canyons on the cooling 
energy requirements can be significant, resulting in a maximum increase of the cooling 
load up to 89%. [27] 
Tibi suggested a holistic methodology to establish a framework for sustainable de-
sign strategies in buildings located in the Lebanese inland region. The case study is not 
representative, as the calculated heating loads are much higher than the respective cool-
ing loads. However, night purge at a rate of 2.5ACH, implemented during May to Sep-
tember from 7PM to 5AM by means of operable windows is expected to allow savings 
up to 10KWh/m2. [28] 
Integration of natural ventilation strategies with high efficiency building design 
techniques can provide an adequate, low-cost solution for the reduction of cooling loads 
in hot climates. A typical example is that proposed by Borge-Diaz et al for a low cost, 
highly occupied building solution intended to facilitate people who live as Internally 
Displaced Persons, after the catastrophic earthquake of Haiti. [29] 
In the study, the combination of the following passive cooling technologies were op-
timized and evaluated by use of the Energy Plus along with the embedded CFD optimi-
zation software Design Builder: 
• Expanded Polystyrene Insulation (EPS) in the roof  
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• Natural ventilation through windows 
• Improved natural ventilation with a roof opening 
• Cool roof 
The comparison of eight different combinatory solutions has shown that the com-
bined use of natural cross-ventilation from windows and a roof opening with a cool roof 
provides the most efficient solution in terms of indoor air temperature, mean radiant 
temperature and operative temperature, resulting in a 16% improvement of thermal 
comfort. Cross-ventilation is achieved by the opposite placement of windows with an 
operable section of 60% of the total window area. The inherent characteristic of a cool 
roof is that it presents higher sunlight reflectance and thermal emittance.  Cool roof ca-
pability is achieved by the addition of a low cost, nanotechnological additive which 
renders acrylic, water-based paint thermally insulating and water-resistant.  
The work of Hirano et al investigates the effect of voids in porous buildings on the 
ventilation performance in hot-humid areas (Tokio, Japan). Two case buildings with 
different void ratios (0% and 50%) are simulated by CFD and air flow network analysis. 
The first building (0% void ratio) is a two-storey housing located in the high density 
areas of Tokyo, while the second (50% void ratio) is a four-storey building where the 
voids are horizontally and vertically continuous, so as not to distract air flow. [30] 
According to the simulation results, average air change rate is 4 times larger in the 
building with 50% void ratio. Most of the ventilation is driven by wind and not by the 
stack effect, as the buildings are relatively low. Air flow analysis shows that sensible 
heat load for cooling is reduced by more than 20% because of the effect of voids. 
2.3.2 Hybrid and mechanical ventilation strategies 
 
In the study of Ferrante and Cascella for a zero balance housing development in the 
Mediterranean, passive cooling through natural ventilation is considered. A combined 
configuration encompassing cross-macro ventilation through external surfaces and a 
courtyard, vertical air-extraction by means of ducts and micro ventilation generated un-
derneath the surface of the PV panels is suggested.  
Additionally, a hybrid ventilation system is set in operation during winters, when 
controllable ventilation is essential or during summers when the amount of natural ven-
tilation is not adequate. The system employs a heat exchanger to extract heat from the 
-18- 
stale air or to cool incoming air. During night, free cooling is automatically enabled to 
allow direct blow of the air into the building by bypassing the heat exchanger. [7] 
Deng et al. conducted an energy analysis in two residential net zero energy models. 
The first model is located in Shangai where hot and humid weather conditions domi-
nate, while the second was designed for the hot and dry climate of Madrid. The main 
difference of climatic conditions in the two cities is humidity, which is above 80% for 
the greatest part of the year in Shangai. [31] 
In the two models, innovative supply and HVAC technologies are implemented. As 
far as ventilation is considered, the following strategies and configurations are applied: 
• In the building of Shangai (building 1), one 127W Heat Recovery Ventilator 
is used to recover latent and sensible heat from the exhaust air. 
• In Madrid (building 2), part of the ventilation is supplied by a ventilation 
tower which exploits evaporated cooling using wind as the driving force. 
Mechanical ventilation (AHU) with heat recovery and indirect evaporative 
cooling is also implemented to reduce heat losses in winter and provide cool-
ing in summer.  
Both design models were simulated for the two different climatic conditions. The 
following figure shows that the net zero energy balance is achieved. 
 
Fig. 2.3 Simulation results for energy performance and thermal comfort of two mechanically 
ventilated buildings [31] 
 
 Kazanci et al presented the design methodology of a net energy plus house, con-
structed to participate in the Solar Decathlon competition in Madrid. In the reference 
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model - a 66m2 single-storey, solar-powered building - various innovative solutions for 
heating, cooling and ventilation were introduced. Energy performance of the building 
was simulated with TRNSYS for the climate zone of Madrid.  
 According to the load calculations, maximum and average cooling loads ex-
ceeded the respective heating loads. A ground source heat pump coupled with borehole 
heat-exchangers provides heating and cooling. Hybrid ventilation is applied mainly for 
air regulation with the integration of an air handling unit along with cross-ventilation 
provided by two openings placed at opposite walls and an operable skylight window. 
 The mechanical system provides adequate ventilation air at a rate of 1.5ACH 
through two supply diffusers and four exhausts. As it is highlighted in the study, me-
chanical ventilation allows the better control of temperature and humidity, but it results 
in the consumption of considerable amount of energy (40Wh/m3). [32] 
Ezzeldin and Rees have made a comparative evaluation of different hybrid ventila-
tion systems applied in a prototype office building, in terms of thermal comfort and en-
ergy consumption. Energy Plus was used for the simulations which involved 4 different 
hot and arid climate subtypes. [33] 
The authors considered active cooling systems as the base case scenario (Constant 
air volume AC, Variable air volume AC and radiant cooling with a constant air volume 
supply system), and studied the thermal comfort improvement and energy savings in-
duced by the following mixed-mode cooling strategies: 
• Simple mixed-mode ventilation - natural ventilation during occupation peri-
od alternated with a Variable air volume AC or radiant cooling system oper-
ating at peak hours 
• The above mixed-mode ventilation strategy and a night convective cooling 
strategy 
• Mixed-mode ventilation with direct evaporative cooling 
• Mixed-mode ventilation with radiant cooling elements coupled to a cooling 
tower 
• Mixed-mode ventilation with radiant cooling elements coupled to borehole 
heat exchangers 
The predicted mean vote (PMV) and the indoor operative temperature ranges were 
chosen as the performance criteria for the evaluation of indoor thermal comfort. Stand-
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ard ventilation control algorithms provided by Energy Plus were implemented. The pri-
ority for the implementation of the ventilation strategies were the following: 
• Natural ventilation is applied first. 
• If natural ventilation cannot satisfy the performance criteria, low energy 
mixed-mode cooling systems were introduced. 
• Active cooling base case scenarios were applied as a last resort. 
 
The hybrid cooling control algorithm for occupied periods is presented in the fol-
lowing figure: 
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Fig. 2.4 A hybrid cooling control algorithm for occupied periods [33] 
 
The energy performance analysis has shown that implementation of mixed-mode 
cooling strategies resulted in considerable energy savings.  
Niachou et al. have studied the performance of natural single-sided and cross venti-
lation and hybrid ventilation systems by means of experimental techniques such as sin-
gle tracer gas and multitracer gas experiments. The experimental study was carried out 
in 3 different apartments located in urban canyons in the city of Athens. [34]. 
The geometry of two of the apartments facilitates cross ventilation, while the geom-
etry of the third allows only the implementation of single sided-ventilation. In the case 
of single sided ventilation, one or two openings were considered at the same side of the 
wall. In the cross ventilation scenarios, the openings are located on diametrically oppo-
site external walls. In hybrid ventilation mode, different natural ventilation configura-
tions - assisted by mechanical inlet or exhaust fans - were compared. 
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The comparison of the strategies was carried out by the empirical and experimental 
calculation of the following parameters: 
• Nominal time constant, which the ratio of the volume of a ventilated zone V to 
the supplied air flow rate q, or the ratio of the mass of the air contained in the 
space M to the mass airflow rate Q: 
 
• Air exchange efficiency. This parameter expresses the distribution of supplied air 
in the ventilated room. 
In terms of nominal time constant, cross ventilation has shown the best performance 
(lower values of nominal time constant) even in low wind speeds. Hybrid ventilation 
has shown slightly better performance than single-sided ventilation in low wind veloci-
ties. The application of hybrid ventilation results in better values of air exchange effi-
ciency than single sided ventilation and it also results in slightly better performance than 
cross ventilation.  
Jiru has carried out an evaluation of different HVAC energy conservation measures 
on prototype buildings, specified by ASHRAE standards [35, 36]. 
The following 4 different strategies were considered: 
• Case I:  Exhaust air energy recovery ventilator (ERV) and multiple zone 
VAV  systems (VentOpt) 
• Case II:  ERV and Demand Controlled Ventilation (DCV) 
• Case III:  ERV, DCV and VentOpt 
• Case IV:  Single zone VAV controls and transfer air 
 
From the results shown in fig. 2.5, it is pointed out that the energy performance of 
the aforementioned strategies varies with the type of building and climatic conditions. 
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Fig. 2.5 Site energy and savings due to combined HVAC energy conservation measures [35] 
 
Finally, Zhang et al have evaluated the cost-effectiveness and feasibility of an inte-
grated Energy (ERV) and Heat Recovery Ventilator (HRV). It is claimed, that HRV is 
preferable in cold and mild (temperate) climates. On the other hand, ERV efficiency is 
higher in hot and humid climates. [37] 
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3 Principles of Ventilation Sys-
tems 
Ventilation is the process of supplying fresh air to an indoor space or removing stale 
air from a room or building, in order to mitigate or eliminate air contaminants and con-
trol humidity and temperature [38]. Purpose-provided ventilation is distinguished from 
unintentional flow of air, such as infiltration and duct leakage, which often act counter-
actively to ventilation and degrade its performance [39]. 
Outdoor air flowing into a space by ventilation could be either mixed with or dis-
place indoor air. In the first case, ventilation is characterized as “mixing” and is en-
hanced by the natural forces of wind or by the proper design of air suppliers. In “dis-
placement” ventilation, outdoor air is introduced through suppliers located at the lower 
levels of the ventilated space and gradually displaces indoor air. The latter is exhausted 
through outlets placed at the higher levels of the space. [39, 40] 
Ventilation is classified into the following categories: 
• Natural ventilation is generated from the effects of wind and temperature 
through intentionally provided or other existing openings of the building, such 
as windows and doors. 
• Mechanical ventilation is provided from the operation of mechanical equipment, 
such as fans or HVAC systems. Operable windows or wind-driven turbine venti-
lators do not fall into the category of mechanical ventilation. 
• Hybrid or mixed mode ventilation, in which the complementary or concurrent 
operation of naturally-driven ventilation and mechanical systems is implement-
ed. [38] 
The primary tasks of ventilation systems - either mechanical or natural- are as fol-
lows: 
• Control and improvement of indoor air quality, with the displacement or dilution 
of indoor air pollutants by the provision of clean outdoor air. 
• Direct advective cooling, where the warm indoor air is displaced or diluted by 
the flow of outdoor, cooler air. 
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• Direct personal cooling, where outdoor air at lower temperatures than the indoor 
is directed at an adequate rate to the building occupants and allows the transfer 
of heat and moisture from them. 
• Indirect night cooling, where the building fabric is pre-cooled by outdoor air 
during night resulting in the indirect cooling of indoor spaces. [41]  
3.1 Factors influencing ventilation design  
The design of a ventilation system has to consider several requirements and con-
straints related to building characteristics, local climatic conditions, local environment, 
installation and maintenance cost, regulations and standards, as shown in figure 3.1.  
 
 
Fig 3.1 Ventilation design parameters [39] 
 
The amount of ventilation has to satisfy indoor air quality and thermal comfort re-
quirements and at the same time energy consumption induced by ventilation should be 
kept at acceptable levels. Specific regulations and standards define the minimum re-
quirements for the rate of ventilation, but additional ventilation may be demanded, de-
pending on indoor conditions (e.g. excess heat loads), climate or the local environment. 
The characteristics of the building are determining for the selection of the ventila-
tion strategy and therefore they should be carefully accounted for. Those include:  
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• Building type. Different building types and sizes have diverse needs in terms of 
ventilation. 
• Occupancy and occupant habits. 
• Number, sizing and placement of openings. 
• Geometry of the ventilated space. 
• Space availability for the installation of the ventilation system. 
• Air tightness, as the level of building air tightness determines the required venti-
lation rate. 
• Sources of air leakage and infiltration which could detriment ventilation perfor-
mance if their contribution to the air flow inside the building is significant. [39] 
The severity of the climatic conditions is an important constraint for the design pro-
cess. Mild and moderate climates with short or medium heating or cooling seasons can 
be efficiently served by natural ventilation or a hybrid ventilation strategy, as energy 
losses caused by ventilation are usually low. In severe climates with more than 3000 
heating or cooling degree days, the implementation of mechanical systems may be 
mandatory, as natural ventilation may not be capable of providing the required ventila-
tion rate to an air-tight building structure and the associated ventilation losses could in-
crease considerably heating or cooling loads. The microclimate of the area might be af-
fected by the local environment in terms of air flow pattern and outdoor temperature. 
The selection of the proper ventilation strategy should be based on the aforemen-
tioned requirements and constraints and also consider factors as: 
• The cost for the implementation of the ventilation strategy which should be 
evaluated by a payback period or a net present value calculation process. A life 
cycle planning approach will be a more reliable approach for the evaluation of 
the cost performance. 
• The energy performance in terms of ventilation heat losses or energy require-
ments for the operation of mechanical components of ventilation. 
• The reliability and ease of maintenance of the system to be implemented. 
3.2 Ventilation standards and regulations 
The compliance with prescriptive regulations for ventilation, indoor air quality and 
thermal comfort ensures the attainment of high performance, but at the same time intro-
duces another constraint to be accounted for. Although many countries have adopted 
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specific regulations for ventilation, there are international standards which suggest best 
practices for ventilation.   
 ASHRAE 62 standard, which specifies minimum ventilation rates and measures for 
acceptable indoor air quality and ASHRAE 55 which defines the acceptable range of 
indoor thermal environment are the primary standards in the United States [38][42]. 
 The impact of ventilation systems and strategies on the energy performance of 
buildings has been also specified in the following international and European standards: 
• EN ISO 7730 defines several methods for predicting thermal sensation and dis-
comfort of occupants exposed to moderate thermal environments.  
• CR 1752 technical report suggests ventilation design criteria for the indoor envi-
ronment.  
• EN 15251 recommends criteria for the indoor thermal environment, ranges for 
the thermal comfort indices and temperatures and ventilation rates for residential 
or non- residential buildings.  
• EN 13779 provides a roadmap for the design and implementation of ventilation 
and conditioning systems in non-residential buildings.  
• A roadmap for the calculation of the energy impact of air flows due to ventila-
tion is defined in EN 15241.   
• Finally, the methods to calculate air flows due to ventilation are provided in EN 
15242. [43-48]  
3.3 Ventilation and thermal comfort 
3.3.1 Thermal comfort indices 
Thermal comfort is defined as “the state of mind that expresses satisfaction with the 
thermal environment”.  In relative standards, two main categories of thermal comfort 
are specified: 
• General thermal comfort of the human body as a whole. 
• Local thermal discomfort, which is caused by undesirable cooling or heating of a 
particular part of the body. [42][43][49] 
General thermal discomfort is evaluated by the Predicted Mean Vote (PMV) and the 
Predicted Percentage Dissatisfied (PPD) indices. PMV index predicts the mean values 
of the votes of a group of persons on a 7-point thermal sensation scale, based on the 
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heat balance of the body, the condition where internal heat production in the body is 
equal to the loss of heat to the environment. [43] 
 
+3 Hot 
+2 Warm 
+1 Slightly warm 
0 Neutral 
-1 Slightly cool 
-2 Cool 
-3 Cold 
Table 3.1 Seven-point thermal sensation scale [43] 
 
Metabolic rate, clothing insulation, air temperature, mean radiant temperature, air 
velocity and air humidity are related to the calculation of PMV index. ISO-EN 7730 
standard recommends that the index should be used for values between -2 and +2, when 
the aforementioned parameters lie within specific ranges. [43] 
The PPD index predicts the number of people who experience thermal discomfort.  
The percentage of the people likely to feel uncomfortably warm or cool cannot be iden-
tified by the PMV index, which provides a measure of the mean thermal votes. [43] 
PMV and PPD indices cannot evaluate local discomfort, which is mainly caused by 
unwanted draughts. Indices for measuring local thermal discomfort include draught rate 
DR and percentage of people dissatisfied due to high vertical air temperature between 
head and ankles or due to warm or cool floors PD  and radiant asymmetry owing to 
warm ceilings or walls. [43] 
Discomfort index DI is an empirical thermal comfort index which is dependent on 
air temperature and relative humidity. [50] 
3.3.2 Ventilation for cooling 
Ventilation is an energy-efficient alternative to active cooling, which facilitates 
thermal comfort but sometimes with considerable impact on the energy consumption of 
the building. 
The selection of the appropriate ventilation strategy for cooling depends on criteria 
that have been already mentioned; building type and climate being the most significant. 
The implementation of passive ventilation strategies such as natural ventilation, free 
cooling through night ventilation or utilization of thermal mass properties of the build-
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ing can be proved as efficient, if the prevailing climatic conditions allow the replace-
ment of indoor warm air by outdoor cooler air.  
On the other hand, mechanical or hybrid ventilation strategies provide more reliable 
thermal comfort conditions than natural ventilation and passive methods, irrespective of 
the local climate characteristics, but at the cost of the energy performance of the build-
ing. [39] 
The various natural and mechanical ventilation strategies are presented in detail in 
the subsequent subchapters 3.4-3.6.   
3.4 Natural ventilation 
The operation of natural ventilation systems is based on the generation of pressure 
differences between the inlets and exhausts of a building. Pressure differences are creat-
ed as a consequence of wind forces or the buoyancy effect. [49][51]. 
 The implementation of natural ventilation strategies has been motivated by multiple 
drivers. Enhanced indoor environmental quality is one of them, as less Sick Building 
Syndrome (SBS) symptoms emerge in naturally ventilated buildings compared to build-
ings with mechanical ventilation systems. Natural ventilation can significantly contrib-
ute to the mitigation of energy consumption for cooling and the respective environmen-
tal impact (CO2 emissions), induced by the use of conventional air-conditioning or me-
chanical ventilation systems, hence keeping operational costs at acceptable levels. The 
reduction of cooling energy consumption constitutes an important advantage of natural 
ventilation, when considering the requirements set by the EPBD for the development of 
nearly zero energy buildings or for the design of net zero energy buildings [1][49]. 
 Other driving factors for the employment of natural ventilation systems include 
[39][41]: 
• The lower implementation cost in comparison with the initial cost of mechanical 
ventilation systems. Particularly in large commercial or office buildings, the lat-
ter could account of almost 40% of the total construction costs.  
• Reduced spatial demands which are usually associated with the installation of 
mechanical systems.  
The performance of a natural ventilation strategy is dependent on various parame-
ters with regard to local climate (humidity, outdoor temperature), wind characteristics 
(speed, direction), topography of the surroundings and building features. As a result of 
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the aforementioned dependencies, natural ventilation systems may present some of the 
following drawbacks [26][39][41][49]: 
• The stochastic nature of wind and buoyancy driving forces occasionally make 
control of natural ventilation an extremely difficult and complex process, lead-
ing to under-ventilation and inadequate thermal comfort or over-ventilation with 
an associated increase in energy consumption. Therefore, harnessing the wind 
forces for acceptable ventilation rates is a major challenge. 
• The effectiveness of natural ventilation in extreme climatic conditions is often 
questionable. Air humidity is an important factor that deteriorates natural venti-
lation performance and conventional air-conditioning systems should be inte-
grated with natural ventilation strategies for adequate dehumidification. Moreo-
ver, in extremely hot climates natural ventilation cannot often satisfy thermal 
comfort criteria for the whole duration of the day. 
• The complexity of the building itself may act in a restrictive way. Efficiency of 
natural ventilation could be decreased when applied in complex and compart-
mentalized internal spaces. 
• Natural ventilation is not appropriate for noisy and air-polluted environments, as 
the filtration of the incoming outdoor air is not feasible.   
 
Typical building applications for natural ventilation encompass low rise dwellings, 
small to medium size offices, schools, warehouses etc [39]. 
3.4.1 Wind-induced ventilation 
In wind driven natural ventilation, the air in the wind ward side of a building creates 
a positive pressure, whereas in the leeward side negative pressure is generated. Air is 
delivered through the openings of the building (from the windward to the leeward ones), 
so that pressure is equalized. (Fig. 3.2)  
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Fig 3.2 Wind-driven ventilation [39] 
  
The air flow volume is affected by the area of the smaller opening A, the outdoor 
wind velocity V and a coefficient of effectiveness, which is dependent on the relative 
size of the input and output openings and the incidence angle of the wind [51]: 
Qwind = A*V*K   (1) 
It is clear that an important factor for wind-driven natural ventilation efficiency is 
the local micro-climate, which should allow for adequate wind velocities. The orienta-
tion of the building plays also a significant role and should be matched to the average 
air-flow pattern. Finally, building design should be accounted for, as the proper amount 
and sizing of the openings and the avoidance or minimization of internal obstructions 
facilitates efficient delivery of wind. [51] 
3.4.2 Buoyancy-driven ventilation 
Differences in temperature, which result in air density variations between the inside 
and outside of a building, are the cause of buoyancy-driven or stack ventilation effect. 
As it is depicted in fig 3.3, when indoor temperature is higher than the outdoor tempera-
ture, air is drawn into the building from the lower layers and exhausted from openings 
in the higher levels of the building. This process is reversed when outdoor temperature 
exceeds indoor temperature. [39, 51] 
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Fig 3.3 Buoyancy-driven ventilation [2] 
The airflow induced by the stack effect is influenced by the area of the inlet open-
ings, vertical distance between the lower and upper openings and variations between 
indoor and outdoor average air temperature. [51] 
 The combined effect of wind and buoyancy forces that act simultaneously on a 
building may result in the undesirable situation of the two effects cancelling each other. 
Therefore, care should be taken during the design process in order to ensure the com-
plementary action of the two effects. [39, 52] 
3.4.3 Single-sided ventilation 
Single-sided ventilation is the unique option, in the case of the openings being 
placed on a single side of a ventilated space. The performance of single-sided ventila-
tion is differentiated with regard to the configuration of the openings. [39] 
A single small opening is not sufficient to provide acceptable ventilation rates, as 
ventilation is driven by random turbulent fluctuations. 
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 Fig 3.4   Single-sided ventilation with a single opening [39] 
 
A larger opening or two openings located on the same side of the wall provide high-
er ventilation rates. Air change rate is affected by the vertical spacing between the open-
ings. 
 
 
Fig 3.5 Single-sided ventilation with multiple openings [39] 
 
Single-sided ventilation often turns out to act as cross-flow ventilation, if leakages 
in the internal spaces, vents or internal doors lead to background cross-flow ventilation. 
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Fig 3.6 Single-sided ventilation with unsealed enclosure [39] 
 
The main drawback of single-sided ventilation is that the air flow does not penetrate 
very much in the ventilated space. Thermal buoyancy generates single-sided ventilation 
during winter, whereas wind turbulence is the main driving force during summer. [49] 
3.4.4 Cross-flow ventilation 
In cross flow ventilation, two or more oppositely placed openings allow the supply 
and exhaust of air flows. The path between the openings must be clear in order to facili-
tate unobstructed air flow through the openings. The existence of compartments in the 
ventilated zone is a constraint factor to efficient cross flow ventilation. The horizontal 
distance between the inlet and exhaust openings influences cross flow ventilation per-
formance. [39] 
 
Fig 3.7 Cross-flow ventilation [39] 
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Cross-flow ventilation is sensitive to air flow variations that deteriorate effective-
ness of ventilation control. [49] 
3.4.5 Night ventilation 
Night ventilation is a natural (passive) ventilation strategy, by which the building 
shell is cooled during nighttime by convection. The coolness stored in the building fab-
ric, improves thermal comfort during the day by minimizing or postponing temperature 
peaks. Efficiency is maximized when the night-ventilated building remains closed dur-
ing daytime to prevent warm air from entering the internal space.  Other crucial parame-
ters for the cooling potential of night ventilation are the diurnal temperature variation, 
which is the difference between the maximum and minimum daily temperature, the rela-
tive difference between indoor and outdoor temperature at night and the wind velocity. 
[14] [18] [21] 
Coupling of night ventilation with thermal mass enhances effectiveness of night 
ventilation as well. Thermal mass, the ability of the building elements to store heat, con-
tributes to the flattening out of daily temperature fluctuations [24][39]. 
3.4.6 General guidelines for ventilation efficiency 
Some general guidelines related to the main natural ventilation strategies (single-
sided, cross-flow and passive-stack ventilation) are summarized as follows [39][51] 
[52]: 
• Building air-tightness should be maximized. Air flow should be provided only 
through building openings and not as a result of unintentional infiltration. In the 
latter case, acceptable ventilation control is not possible and ventilation perfor-
mance is deteriorated. 
• Wind-induced ventilation should be maximized. The maximization of wind-
driven ventilation is achieved, when the ridge of building is sited perpendicular 
to summer winds.  
• Wind obstacles during summer should be minimized, as they deteriorate wind-
driven natural ventilation. 
• The width of the building affects the effectiveness of natural ventilation. Usual-
ly, narrower buildings are more efficiently ventilated by natural ventilation. 
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• The presence of exhaust and inlet openings in the same room greatly improves 
natural ventilation. Spacing exhaust from inlet openings as far as possible is a 
measure to enhance natural ventilation (buoyancy-driven ventilation). 
• An unobstructed roof opening also maximizes wind-induced or buoyancy-
induced ventilation. 
• Adequate internal airflow should be facilitated either by the proper placement 
and opening of internal doors or by high louvers or transoms. 
• Large room heights and volumes minimize fluctuations of the ventilation rate. 
3.4.7 Other design approaches for natural ventilation 
Various building design approaches could be implemented to maximize the effect of 
natural ventilation. The suitability of such design strategies depends on the local climate 
or architectural trends.  
 
Window catchers/towers 
Wind towers (or wind catchers) have been extensively used in the Middle East for 
thousands of years, as a passive cooling technique providing natural ventilation. The 
principles that determine the operation of a traditional (vernacular) wind catcher have 
been utilized for the development of modern wind towers. [14] 
 
 
 
 
Fig 3.8 Cross-section of a commercial wind-catcher [14] 
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Wind towers are divided into quadrants (openings). Both the wind forces and the 
buoyancy effect enhance natural ventilation through a wind catcher implementation. 
Positive pressures in the windward side of the wind catcher drive fresh air in and suc-
tion pressure on the leeward side exhausts warm air out of the building. The “stack ef-
fect”, which acts as a complementary force, is driven by temperature differences be-
tween indoors and outdoors. The buoyancy of the warm air causes it to rise and be ex-
hausted through the wind catcher, when external temperature is lower than internal tem-
peratures. [14][17] 
The number of the openings of the wind catcher and the incidence angle of the pre-
vailing wind affect ventilation rates. When wind is the dominant driving force, ventila-
tion efficiency decreases with the increase of the number of the openings. In buoyancy-
driven ventilation, multi-opening wind catchers provide enhanced performance. The 
phenomenon of “short-circuiting”, where fresh air is exhausted without being circulated 
in the indoor space, may occur in specific incidence angles of the wind. 
 
Solar chimney 
The solar chimney is another passive cooling technique for natural ventilation sup-
port. The airflow through the solar chimney is generated by the mechanism of buoyan-
cy, when air density in the inlet of the chimney is different than in the outlet. Solar 
chimneys, as wind towers, were commonly used in hot and arid climates. 
The mechanism for the operation of a solar chimney in natural ventilation mode is 
as follows: In the upper side of the solar chimney, a black metal sheet or a black-painted 
surface is heated by solar energy during the day and the heat is transferred to the air in-
side the chimney. The generated suction pressure reinforces air flow, as warm stale air 
is risen up and exhausted through the solar chimney. (Fig. 3.9) [14] 
 
 
Fig 3.9 Solar chimney natural ventilation mode [14] 
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The vertical solar chimney is the most common configuration, but in many cases it 
can be integrated with an inclined (gable) roof and a vertical wall (wall-roof solar chim-
ney) (Fig 3.10). In such cases, the inclination angle of the solar chimney and the vertical 
distance of the chimney inlet from the floor also affect ventilation rates.  
 
 
Fig 3.10 A wall-roof solar chimney [14] 
The integration of a solar chimney with a unidirectional wind tower operating as the 
inlet opening could result in an increase of air mass flow rate [17] (Fig 3.11) 
 
 
 
Fig 3.11 A combined wind-catcher and solar chimney [17] 
 
Ventilated facades 
The Trombe wall is a combination of a massive wall and an exterior glazing surface, 
where an air channel is created in between. (Fig. 3.12) 
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Fig 3.12 Trombe wall [17] 
This design approach can be used both for winter heating and summer cooling, de-
pending on the configuration of glazing surface dampers and trombe wall vents. During 
summer, the lower vents of the massive wall are opened and so does damper (B) of the 
glazing area. The other dampers (A) and vents remain closed. The heated air in the air 
channel generates buoyancy forces which draw warm air through the opened vents and 
dampers. [16] 
 
Hollow-core slab 
The improved passive cooling performance induced by the integration of thermal 
mass with night ventilation strategies has been already referenced. Hollow core slabs 
encapsulate the heat storage capabilities of a high thermal mass building element. [24] 
The hollow core concrete slabs are in the form of panel floors with cylindrical ducts 
put inside the slab. The cylindrical ducts are not only used to reduce the slab mass, but 
also to pass supply air to the ventilated space. (Fig. 3.17)   
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Fig 3.13 Hollow-core concrete slab [60] 
When operating in conjunction with night ventilation during summer, the supplied 
cooled air at night is drawn through the cylindrical ducts, cools down the slab and ab-
sorbs heat stored in the building during the day. During the day, the cooled concrete 
structure absorbs the heat and keeps the internal space within acceptable temperature 
ranges. 
3.5 Mechanical ventilation systems 
Mechanical ventilation systems operate independently of the natural forces of wind 
and buoyancy.  
Whole house ventilation systems are classified into the following main categories: 
• Exhaust ventilation systems 
• Supply ventilation systems 
• Balanced ventilation systems 
• Energy or heat recovery ventilation systems 
• Mechanical ventilation integrated to an HVAC system [53] 
Different variations or combinations of these system types can be applied according 
to the specific needs of the building and the particular constraints. Mechanical ventila-
tion systems may operate continuously or intermittently, they may be single or mul-
tipoint by incorporating fans for exhaust and/or supply or they can be connected to an 
air-handling unit. [54] 
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Mechanical ventilation can be also applied to enhance natural ventilation in a hybrid 
configuration, where the infiltration leakages or purpose provided openings are used for 
the supply or exhaust of outdoor “make-up” air. 
Applications of mechanical ventilation include: 
• Large commercial buildings 
• Apartments or single family residences  
• Office buildings 
It has been noted that the performance of natural ventilation relies heavily on the lo-
cal climate (temperature, humidity). Mechanical ventilation can overcome these limita-
tions of applicability, especially in severe climatic conditions. The most significant ad-
vantage of mechanical ventilation systems compared to natural ventilation is that they 
can maintain acceptable ventilation rates. This capability results in reliable temperature 
regulation and provision of acceptable indoor air quality. 
Despite of the fact that state-of-the art systems provide enhanced efficiency, com-
ponents of mechanical systems consume a considerable amount of energy. However, 
increased consumption can be mitigated by heat recovery, which can be implemented 
effectively in mechanical ventilation systems. 
3.5.1 Mechanical extract ventilation 
In a mechanical extract (or exhaust) ventilation system, the air is removed from the 
ventilated space by a central fan, a process which leads to depressurization of the build-
ing. The generated “suction pressure” facilitates the flow of “make up” air into the ven-
tilated space either through infiltration leaks or purpose provided air inlets [53][54] 
(Fig. 3.14) 
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Fig 3.14 Mechanical extract ventilation [53] 
The efficiency of the system is improved by maintaining the under-pressure induced 
by the mechanical system above the level of wind or buoyancy induced pressure, in or-
der to minimize air infiltration. Passive air inlets such as trickle vents or louvers should 
be placed properly on the building envelope in order to drive fresh air in a controllable 
manner. They should also be installed away from sources of pollution in order to pro-
vide clean air [49][ 54]. 
Exhaust systems may be further classified into the following configurations: 
• Single point exhaust. The air is extracted to the outside by means of a single fan 
placed usually in the bathroom or in an external wall.  The fan is not ducted to 
the individual rooms of the ventilated zone. An inherent disadvantage of this 
configuration is that the passively supplied air is not uniformly distributed, espe-
cially when internal partitioning exists. [54] 
 
 Fig 3.15 Single-point exhaust system [54] 
• Multi point exhaust. Multi point exhaust ventilation incorporates a centralized 
ducted system, where a central fan is connected with pick-up grilles located in 
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various rooms of the ventilated zone. Although the additional cost of the ducting 
system is significant, air is distributed in a uniform way. [54] 
 
 
 Fig 3.16 Multi-point exhaust system [55] 
Intermittent instead of continuous operation can be implemented in mechanical ex-
tract systems. The exhaust fan runs at a higher rate for only part of time and provides 
increased ventilation rates during operation. Usually, the fan is adjusted for automatic 
operation by a timer or can be regulated manually by the occupants of the building. [54] 
Exhaust ventilation systems are more appropriate for cold climates, as moisture 
problems in wall cavities may emerge in hot and humid regions, due to the depressuri-
zation of the ventilated space. [53] 
3.5.2 Mechanical supply ventilation 
A central fan is used to supply fresh air into the building and pressurize the ventilat-
ed space, forcing indoor stale air to be displaced through unintentional infiltration leaks 
or purpose provided vents and openings. [39, 53] 
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 Fig 3.17 Mechanical supply ventilation [53] 
The pressurization of the building prevents contaminants from entering the ventilat-
ed space. However, it could increase the risk of the indoor, warm air being pushed 
through the building envelope cracks and generating moisture and mold, when reaching 
cold surfaces. Therefore, mechanical supply ventilation is not appropriate for cold cli-
mates, but it is suited more for hot or mixed ones.  
Supply ventilation systems have the ability to exercise control over the incoming air 
more efficiently than the exhaust systems. The location of the supply air fan should be 
optimized for efficiency maximization.  
In many cases, thermal comfort and air quality requirements can be satisfied only by 
the filtration and pre-conditioning of the supply air. The process of recirculation, where 
supply air is mixed with indoor air and recirculated to the supply fan, can be applied 
when thermal comfort conditions are inadequate. [39, 54] 
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  Fig 3.18 Mechanical supply ventilation with recirculation and preconditioning [39] 
Similarly to the mechanical exhaust systems, supply ventilation can be single-point 
or multi-point. In the first case, air is inserted to the building through a central fan and is 
distributed about the rooms through openings and/or vents in a natural manner. In multi-
point configuration, a ducting system connected to the central fan distributes evenly the 
supply air about the internal spaces of the building. [54] 
3.5.3 Balanced ventilation 
Balanced ventilation combines supply and extract ventilation systems, each con-
nected to a discrete ducting system. Fresh outdoor air is inserted through the supply sys-
tem and equal amounts of indoor stale air are exhausted through the exhaust system. 
Therefore, pressure inside the ventilation space is balanced and the airflow is better reg-
ulated.  Usually, supply fans are located in “occupied” spaces, such as bedrooms and 
living rooms and exhaust is located in kitchens and bathrooms, where pollutant concen-
tration and moisture is increased.  [39, 49] 
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Fig 3.19 Mechanical balanced ventilation [39] 
 
Balanced ventilation can be applied in diverse climatic conditions. In terms of air 
quality, balanced ventilation may be more beneficial than extract ventilation systems 
but less efficient than supply ventilation systems, which manage to keep pollutants out 
due to the pressurization of the building. [53] 
In balanced systems, heat or energy recovery is almost always incorporated by use 
of a heat exchanger. Possible additional operational or maintenance costs introduced by 
the selection of balanced ventilation are often counterbalanced by savings resulted from 
the implementation of heat recovery. [39] 
  
 
 
Fig 3.20 Centralized (left) and Decentralized (right) balanced ventilation with heat recovery 
[55] 
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3.5.4 Heat/energy recovery ventilation 
Energy or heat recovery is an inextricable component in most of the mechanical bal-
anced ventilation systems, as it has been already pointed out. Energy recovery ventila-
tion operates as follows: 
• During winter, heat is transferred from the exhausted warm air to the cold sup-
ply air. 
• During summer, the relatively cooler exhausted air from the inside of the build-
ing cools the warmer supply air. Therefore, energy recovery results in a cost re-
duction for cooling.  
 
Energy recovery ventilators are classified into two different types, distinguished by 
the operation of the heat exchanger [53]: 
• Heat recovery ventilators, which transfer only heat. 
• Energy recovery ventilators, where moisture (water vapor) is transferred along 
with heat  
 
Generally, heat recovery ventilators are recommended for cold climates by many 
manufacturers. Energy recovery ventilators are more appropriate for hot and humid cli-
mates, because they have the capability of transferring vapor from the supply air to the 
exhausted air, keeping at the same time humidity relatively stable. However, energy re-
covery ventilators do not completely dehumidify the ventilated space in extremely hu-
mid climates, nor can they substitute air-conditioning for dehumidification. [53]  
The most widespread method is the air to air heat recovery, where heat is transferred 
from the exhaust air to the supply air or vice versa. The following systems are imple-
mented for air to air heat recovery: 
• Plate heat exchangers 
• Run around coils 
• Thermal wheels [49] 
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Fig 3.21 A typical flat plate heat exchanger system [39] 
 
Energy recovery of the exhausted air can attain levels of 70-80%. ERV or HRV are 
cost effective in regions with extreme winters or summers or when fuel costs are high. 
On the other hand, they incorporate increased installation costs and additional mainte-
nance is required than conventional systems.   [53] 
3.5.5 Integration with HVAC systems 
A mechanical whole house ventilation system can be integrated to an existing 
HVAC system, where the supply air is properly processed in an Air Handling Unit 
(AHU). 
 
 
 
Fig 3.22 Schematics of a supply and exhaust air handling unit [49] 
Fig 3.22 provides a generic schematic of a supply and exhaust AHU. Various modi-
fications of this configuration can be applied based on the specific ventilation needs of 
the building.  
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A general configuration of an air handling unit system incorporates: 
• Filtering of the supply air for the removal of dust and solid/liquid contaminants 
from the airflow, in order to provide improved indoor air quality and protect the 
components of the air handling unit and ducts from the accumulated dust. 
• Fans which drive the airflow at the desired ventilation rate. 
• Heating and cooling coils which precondition the supply air. 
• Humidification components to increase the air moisture of the incoming air. 
• Heat recovery may be integrated in the air handling unit, in order to transfer ex-
tracted heat and moisture from the exhausted air flow to the supplied air flow. 
[49] 
 
The air handling unit can provide air flow at constant air volume or at variable vol-
ume. Supply ventilation inlets can be connected with the air handling unit to utilize the 
existing ductwork. In a balanced ventilation configuration, external heat or energy re-
covery ventilators can be also integrated to a central air handling unit [54].  
3.6 Hybrid ventilation 
According to [58], hybrid ventilation systems provide acceptable thermal comfort 
using both natural and mechanical ventilation systems and strategies.  Hybrid ventila-
tion systems can be classified into two major types: 
• The changeover or complementary type, where the spaces are ventilated either 
by natural ventilation or by a mechanical system, but the operation of the differ-
ent systems is not simultaneous. 
• The concurrent type, where both ventilation methods operate at the same time 
but they are applied in different building zones, usually with different character-
istics and ventilation needs. [59] 
A hybrid ventilation system encompasses the benefits provided by the different 
modes of ventilation. The utilization of natural ventilation enhances user satisfaction 
and at the same time controllable ventilation rates are provided by means of a mechani-
cal system. One ventilation mode can act as a backup method to the other according to 
the variations of the climatic conditions. Life expectancy of the mechanical ventilation 
systems can be extended as they operate intermittently, when the natural ventilation 
forces are utilized. At the same time, the implementation of natural ventilation results in 
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lower life-cycle cost and its performance can be enhanced by the assistance (continuous 
or intermittent) of mechanical systems (e.g. fan-assisted natural ventilation). Finally, 
energy consumption is mitigated compared to a mechanical-only ventilation system. 
However, it is not always feasible to integrate the mechanical components of a hy-
brid system with the specific design features of a building. Co-operation of the two 
modes incurs additional installation and maintenance costs. A hybrid configuration very 
often incorporates the use of intelligent control systems for switching between the dif-
ferent modes, which do not only add to the overall cost, but they also increase com-
plexity with regard to the operation and maintenance of the system, requiring special-
ized personnel. 
 Theoretically, a vast number of hybrid ventilation configurations can be imple-
mented as a combination of different natural ventilation strategies and mechanical venti-
lation systems. However, this number is limited by the specific climatic conditions, ar-
chitectural design features of the building, cost and the availability of space for the de-
ployment of the system. 
The main hybrid ventilation strategies and principles are the following: 
• Combination of different natural and mechanical ventilation strategies. Two au-
tonomous modes are combined together to cover the ventilation needs of the 
building. The two systems could serve different tasks or operate in different time 
periods. For example, the mechanical system could operate during occupied pe-
riods and natural ventilation during non-occupied periods or natural ventilation 
could be applied during periods with mild climatic conditions and mechanical 
ventilation during summer and/or winter.  
• Fan assisted natural ventilation. The performance of natural ventilation is en-
hanced by the use of supply or exhaust fans, which operate intermittently during 
periods of weak driving forces of natural ventilation. 
• Stack- and wind- assisted mechanical ventilation. It is the case of a mechanical 
system which makes use of natural driving forces. For example, a low-pressure 
balanced mechanical system could be integrated with natural ventilation design 
strategies, such as atria or solar chimneys [58]  
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4 Methodology and model de-
scription 
In this chapter the basic steps of the methodology followed in the analysis are re-
ported. A detailed model description is provided, including building envelope parame-
ters, HVAC and micro-generation systems. Finally the methodology regarding the com-
parative analysis of the ventilation strategies is presented.  
4.1 General Methodology 
In the context of the study, a reference building simulation model was developed, 
having to fulfill the objective of net zero energy balance.  
The net zero energy goal determined the criteria that should be satisfied by the ref-
erence building model, as follows:  
• The achievement of low energy heating and cooling requirements by use of 
optimal passive design and efficient management of solar and internal loads. 
• The operation of energy-efficient building energy systems. 
• The implementation of adequately sized renewable energy systems. 
After developing the reference building model with those criteria into consideration, 
the requirements in terms of energy demand and renewable energy generation were cal-
culated. At the second stage, various ventilation strategies were simulated, in order to 
identify their impact on the energy performance of the building and to define possible 
reconfigurations of the renewable energy generation systems. 
4.1.1 General assumptions 
 
For the calculation of the energy balance, the following assumptions have been 
made: 
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a. Balance metric 
Primary energy has been chosen as the basic metric for the calculation of energy 
balance,  but final energy is evaluated as well. This choice is compatible with 
the requirements of the EPBD recast and favored by the greatest part of the ex-
isting literature. 
 
b. Period of the balance 
Energy calculations were performed over an annual period or 8760 hours. 
 
c. Types of energy use 
Both building and user related energy was considered in the calculation of the 
energy balance. The following types of energy uses were incorporated in the 
calculation: 
• Heating energy 
• Cooling energy 
• Ventilation energy (only for mechanical ventilation) 
• Internal lighting and equipment 
• Domestic hot water 
 
d. Renewable energy supply 
The energy demand is compensated by energy from renewable sources located 
onsite - within the building footprint. Onsite renewable options include photo-
voltaic technology, solar hot water or energy from wind. Off-site renewable en-
ergy generated on-site e.g. biomass or purchased off-site renewable sources such 
as utility-based wind energy, have been excluded. 
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4.1.2 Location and Climate data 
In order to evaluate the effect of ventilation on the cooling loads and on the overall 
energy performance, the selected sites are located in the Mediterranean region: Larnaca, 
Athens and Thessaloniki. Such locations are characterized by a high number of cooling 
degree days, increased annual solar radiation and it is also expected that cooling de-
mand exceeds by far heating demand.  
Geographical and climate data of the selected locations are reported in table 4.1 
Table 4.1: Geographical/climate data 
 Athens Larnaca Thessaloniki 
Latitude 37o 54’ Ν 34o 52’ Ν 40o 31’ Ν 
Longtitude 23o 43’ Ε 33o 37’ Ε 22o 58’ Ε 
Altitude 15 2 4 
Minimum/maximum dry 
bulb temperature 2.0/37.2
oC 1.0/36.5oC -4.2/34.8oC 
Mean annual humidity 
(%) 62 68.5 66 
Mean annual solar hori-
zontal radiation (Wh/m2) 4565 5122 4279 
Heating Degree Days 
(18oC baseline) 1112 759 1741 
Cooling Degree Days 
(18oC baseline) 1076 1259 792 
Heating Degree Days 
(10oC baseline) 82 22 385 
Cooling Degree Days 
(10oC baseline) 2966 3442 2356 
 
Fig. 4.1 shows the daily temperature variation per month for the outdoor dry-bulb 
temperature for Athens and Larnaca. 
  
Figure 4.1: Monthly average outdoor temperature for Athens and Larnaca 
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4.1.3 Development of the simulation model 
Having made the basic assumptions with regard to the energy balance of the build-
ing and as we defined the ambient conditions of the simulation (location and climate 
data), the rest of the steps involved in the formulation of the model were: 
1. Specification of the building type and building envelope. This step comprises the 
definition of the thermal zones of the building and the opaque and glazed build-
ing materials which form the construction of the building envelope. The model 
incorporated energy efficient measures concerning the building envelope, which 
were expected to contribute to the minimization of summer heat gains and win-
ter heat losses, such as: 
a. Increased insulation in order to achieve heat transfer coefficients (U-
values) in the range of 0.10-0.15 Wm-2K-1. 
b. High thermal mass which in combination with night ventilation could 
lead to daytime temperature reduction. 
c. Enhanced window characteristics (U-value < 1 Wm-2K-1) by use of dou-
ble or glazing with low e-coating and gas filled cavity. 
d. Shading devices to reduce heat gains during summer. 
2. Calculation of internal gains. Internal gains constitute a major contributor to 
cooling loads, especially in hot climates. Therefore, the amount of thermal gains 
had to be identified. Internal gains are generated by: 
a. People. Building occupancy schedules were defined for the calculation 
of internal gains.  
b. Lighting. Lighting not only increases the amount of internal heat gains 
but also contribute to the electricity consumption of the building. There-
fore, energy efficient lighting equipment was considered in the model. 
c. Electric appliances. As lighting, operation of the electric appliances con-
stitutes a major part of heat gains and energy consumption. 
3. Definition of infiltration parameters. The infiltration rates selected should be 
sufficiently low in order to ensure building air-tightness and at the same time to 
prevent from counteracting with ventilation. 
4. Specification of indoor design conditions. This step involves the setup of heating 
and cooling thermostats by taking into account that this has a considerable effect 
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on the energy performance of the building and on the attainment of acceptable 
thermal conditions. 
5. Selection of the heating system and setup of heating system parameters. Possible 
heating options might involve the use of gas boilers, air-source heat pump with 
fan coils or radiant floor or electric radiators. 
6. Selection of the cooling system and setup of cooling system parameters. Possible 
options for the cooling system could incorporate reversible air-source heat 
pumps integrated with fan coils, packaged terminal air-conditioning systems or 
variable refrigerant flow systems. 
7. Specification of the ventilation strategy. This part of the methodology constitutes 
the focal point of the analysis and will be elaborated in a different section of this 
chapter. A base case ventilation scenario was defined for the reference model 
and was then modified in order to identify the effects on the energy performance 
of the building.   
8. Definition of the renewable energy generation system. The parameters of the re-
newable energy system had to be specified. The option of photovoltaic technol-
ogy was adopted, as it is widely used in residential and commercial buildings, it 
is easily deployable and efficient. 
4.1.4 Energy balance calculation 
Based on the aforementioned assumptions and the model definitions, the primary 
energy demand over an annual period was calculated:  
 
  
As the primary energy requirements have been identified, the photovoltaic system 
had to be properly dimensioned, in order to satisfy the net zero energy balance:  
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Apart from primary energy, there are other important parameters for the evaluation 
of energy performance, thermal comfort conditions and economic efficiency of the dif-
ferent case studies: 
•  Surface of photovoltaic modules required for the generation of electricity to 
overcome primary energy demand. 
• Final and primary energy for heating. 
• Final and primary energy for cooling, which is expected to overcome heat-
ing energy in the selected locations. 
• Overheating degree hours, which is the sum of degree hours over a prede-
fined temperature threshold. It provides a measure to evaluate performance 
in terms of thermal comfort.  [20] 
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4.2 Building model parameters 
 
A low-rise, single-storey residential building, lived by a five-member family, was 
chosen for the analysis. The rectangular-shaped building, which is shown in Figures 
4.2-4.4, has an overall horizontal surface of 150m2 (15x10m). The gross volume of the 
building is 502m3 and the window to wall ratio is equal to 20.79%. The longest sides of 
the building have a North-South orientation and 70% of the glazed areas are assumed to 
be facing north and south. 
 
 
Figure 4.2: South-east view of the building model 
 
 
 
Figure 4.3: North-west view of the building model 
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Figure 4.4: Building plan  
 
The house consists of five rooms - three bedrooms, a bathroom and a combined 
kitchen and living room. Each room defines a discrete thermal zone (Table 4.2).  
Table 4.2: Zone summary 
Thermal Zone Area [m2] Volume [m3] Gross wall 
area [m2] 
Thermal zone 1 
(Bedroom 1) 20.09 67.27 17.38 
Thermal zone 2 
(Bathroom)  11.86 39.71 23.22 
Thermal zone 3 
(Bedroom 2) 16.00 53.57 26.78 
Thermal zone 4 
(Bedroom 3) 16.00 53.57 13.39 
Thermal zone 5 
(Living room-
Kitchen) 
86.04 288.08 89.10 
Total 150.00 502.20 169.88 
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4.2.1 Building envelope 
The construction of the building is sufficiently airtight and the opaque building ele-
ments are characterized by low heat transfer coefficients. External walls consist of a 20-
cm layer of hollow clay bricks and a 25-cm layer of an insulating material (extruded 
polystyrene) on the outer side. The thickness of the external walls is 49cm, taking into 
account the internal and external plaster layers. The 30 cm concrete structure (pillars 
and beams) is also filled in the outer side by a 25-cm extruded polystyrene layer to pre-
vent from the creation of thermal bridges. The external surfaces have a solar absorp-
tance of 0.4. 
A flat roof was chosen in order to provide flexibility for the installation of the mi-
cro-generation system (PV panels). The roof construction has an overall thickness of 
60cm and it consists of a 20-cm reinforced concrete slab overlaid by 30 cm of extruded 
polystyrene insulation and 8 cm of light concrete.  
The floor is attached to the ground and includes a reinforced concrete slab (20 cm), 
insulating material (16 cm) and an 8-cm layer of lightweight concrete, where hydronic 
tubing of the radiant heating system will be embedded.  
Table 4.3 presents the U-values of the opaque building elements. 
Table 4.3: Heat transfer coefficients of the opaque building components 
Construction U-value [Wm-2K-1] 
Exterior walls (brick) 0.12 
Concrete pillars and beams   0.13 
Flat roof 0.10 
Floor 0.19 
Exterior doors 1.8 
 
Thermal mass of the building elements is considerably high. Roof and concrete 
beams and pillars attain K-values of 228KJ/m2K, while brick walls have a K-value of 
132 KJ/m2K. [61] 
Double glazed 3-mm windows and window doors filled with krypton (13mm width) 
and equipped with low e-coating have been selected to provide enhanced performance. 
Windows are equipped with 10-cm PVC frames with thermal brake and dividers of sim-
ilar characteristics. The solar heat gain coefficient of the glazing is kept low, in order to 
control solar heat gain and cooling loads. The main properties of the windows are re-
ported in Table 4.4. 
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Table 4.4: Heat transfer coefficients of the glazed building components 
Property Value 
Glazing U-value [Wm-2K-1] 0.959 
Glazing SHGC   0.326 
Glazing Visible transmittance 0.612 
Frame U-value [Wm-2K-1] 0.91 
 
 Shading is provided by window overhangs with different depths (0.5m for north-
faced openings and 1.5m for the west, south and east-faced ones) and external shading 
devices. Low-transmittance pull-down shades are activated during May to September 
from 08:00 to 20:00 in order to reduce solar radiation entering west and south windows.  
4.2.2 Building occupancy 
Different occupancy schedules for weekends and weekdays per thermal zone were 
defined in order to model occupant’s effect on internal gains. During weekdays, the 
house is considered to be unoccupied from 08:00 to 17:00.  
An activity schedule per thermal zone with different variations for weekdays, week-
ends, summer and heating design days was also applied. Schedule values were derived 
from ASHRAE tables with metabolic rates for various human activities and they were 
based on real-life activity scenarios. [62] 
4.2.3 Lighting and appliances 
Energy consumption for lighting was calculated from detailed lighting schedules per 
thermal zone and day type (weekdays, weekends). For the calculation of maximum 
lighting design level, it was assumed that LED lighting with luminous efficacy of 
90lm/W was used and acceptable luminance was set to 200lm/m2. 
Detailed schedules for equipment operation were also defined based on realistic 
scenarios and typical power rating of appliances. The following table reports lighting 
design levels and equipment power levels per m2 for each thermal zone of the building. 
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Table 4.5: Lighting and equipment design levels 
Thermal Zone Lighting level [W] 
Equipment 
max power 
[W/m2] 
Thermal zone 1  45 24.8 
Thermal zone 2  27 84.5 
Thermal zone 3  36 31.3 
Thermal zone 4  36 31.3 
Thermal zone 5  192 17.5 
 
4.2.4 Infiltration 
The building construction ensures that a high level of air-tightness is attained, which 
minimizes the unintentional flow of air into the thermal zones of the building through 
cracks around windows or building elements. An infiltration rate of 0.1 ACH is chosen, 
which is generated mainly by the opening and closing of exterior doors. This value is 
considered as constant and independent of temperature and wind speed variations. 
The value of 1 ACH corresponds to an infiltration rate in the range of 1-2m3/hm2, 
which is far below the minimum requirements set in Greek Regulations. [63] 
4.2.5 Indoor thermal environment 
Proper setup of the thermostats is crucial for the provision of acceptable indoor 
thermal environment and –at the same time – for the reduction of heating and cooling 
energy consumption. The selection of the heating and cooling thermostats is based on 
design values of indoor temperatures recommended by the pREN 15251 standard. In 
this standard, a minimum indoor temperature of 20oC for heating and a maximum tem-
perature of 26oC for cooling are proposed (Category II residential buildings). [45] 
The aforementioned temperature levels are set during occupied hours. Setback tem-
peratures have been also set for unoccupied hours and during nighttime. The heating 
and cooling thermostats selected in the model are presented in table 4.6. Thermostat 
values are common in all thermal zones of the building. Heating set-point is set for the 
time period from October 1st until April 30th and cooling set-point is set for the rest of 
the annual period (from May 1st to September 30th). 
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Table 4.6: Heating and Cooling Thermostats 
Heating setpoints Cooling setpoints 
Time period Temperature [oC] Time period Temperature [oC] 
Weekdays   Weekdays  
00:00-06:30 17 00:00-17:00 30 
06:30-08:00 20 17:00-22:00 26 
08:00-17:00 17 22:00-24:00 30 
17:00-22:00 20   
22:00-24:00 17   
Weekends  Weekends  
00:00-09:00 17 00:00-09:00 30 
09:00-24:00 20 09:00-22:00 26 
  22:00-24:00 30 
 
4.2.6 Space heating 
 
Space heating is provided by an air-to-water heat pump system which extracts heat 
from outdoor air and circulates the heated water through a low temperature floor heating 
system. The system also provides domestic hot water as it is interconnected to a domes-
tic hot water tank. The configuration of the heating system is presented in figure 4.5. 
 
 
Figure 4.5: Air-source heat pump heating system [64] 
 
A high efficiency 11.2KW air-to-water source heat pump with a Coefficient of Per-
formance of 4.55 has been modeled. The hydronic low temperature radiant system con-
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sists of a network of floor-embedded tubes with an inside diameter of 16mm. Hydronic 
tube spacing is set to 25cm and tubing length has been autosized. 
The floor heating system is available to operate from October to April (heating sea-
son). The following table specifies the control temperature schedule, which defines 
whether or not the system operates and the current flow rate. A throttling range of 2oC 
has been set around the heating set-points, within which the flow rate of the radiant 
heating system is varied linearly. 
Table 4.7: Radiant system heating setpoints 
Heating setpoints 
Time period Temperature [oC] 
Weekdays   
00:00-06:00 17 
06:00-08:00 20 
08:00-16:00 17 
16:00-24:00 20 
Weekends  
00:00-07:00 17 
07:00-24:00 20 
 
4.2.7  Space cooling 
 
For cooling, the option of a Variable Refrigerant Flow (VRF) system was consid-
ered. A Variable Refrigerant Flow is an air-conditioning system comprising an outdoor 
condensing unit and multiple indoor units (evaporators). The system allows the use of 
indoors units with different capacities, where the central outdoor unit controls the 
amount of refrigerant flowing to each indoor evaporator. VRF systems are widely ap-
plied in large commercial buildings, but there are also products designed for residential 
use. 
In the present model, an outdoor unit controls five indoor units, each one assigned to 
a different thermal zone. The capacity of the system is auto-sized, while the Cooling 
Coefficient of Performance (COP) equals to 4. The system is available from May 1st to 
September 30th. 
The supplied air flow rate from the indoor units to the conditioned space is constant 
and has to satisfy a minimum air flow requirement of 0.00944m3/sec per person. 
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Figure 4.6: Variable refrigerant flow cooling system [65] 
4.2.8 Microgeneration system 
 
 The flat roof construction and building orientation provide adequate flexibility for 
photovoltaic panel installation, so as to attain the required net zero energy balance.  
PV panels were oriented exactly to the south to capture the maximum amount of so-
lar radiation. Inclination angles lie within the range of 28o-29o, depending on the lati-
tude of the location. Panels are placed in a portrait orientation, in order to minimize 
spacing requirements. In case that multiple arrays of modules were required, spacing 
between arrays followed the empirical rule of 3x(module length). 
The basic assumptions regarding the parameters of photovoltaic modules are sum-
marized in the following table. 
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Table 4.8: PV module parameters [66] 
PV module 
Module type Polycrystallic Silicon 
Module Efficiency 14.3% 
Module Inclination 28o -29o 
Azimuth angle 0o 
Module length [m] 1.48 
Module width [m] 0.99 
Module surface [m2] 1.47m2 
Nominal module power [W] 210W 
MPP-voltage [V] 26.40 V 
MPP-current [A] 7.95 A 
NOCT 45oC 
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4.3 Evaluation of ventilation strategies and tech-
niques 
As regards to the ventilation, a base case scenario will be implemented for the refer-
ence case building model. The initial strategy incorporates free cooling through natural 
ventilation at a constant rate of 2 air changes per hour (ACH). Ventilation is applied 
during summer months at night and early in the morning, when outdoor air temperature 
is expected to be lower than zone air temperature. Ventilation is imposed by simply set-
ting part of the building openings (windows and window doors) in hopper mode.   
To avoid undesirable heating of the building thermal zones due to night ventilation, 
ventilation is shutoff when outdoor dry-bulb temperature is greater than indoor zone 
temperature. Specifically, ventilation is imposed when the following condition applies: 
oC,             (3) 
where, Tzone is the indoor zone dry-bulb temperature    
  Toutdoor is the outdoor dry-bulb temperature.  
 
The basic ventilation schedule is reported in table 4.9. Ventilation through the open-
ing of windows is also applied during heating season to provide air quality but over a 
limited period of time, in order to prevent from overcooling and excessive increase of 
heat losses.     
Table 4.9: Base case ventilation schedule 
Ventilation schedule 
Time period Ventilation rate [ACH} 
From 1/5 to 30/9  
06:00-08:00 2 
22:00-24:00 2 
From 1/10 to 30/4  
06:00-06:30 2 
 
4.3.1  Variations in natural ventilation strategies 
 
The following variations in the application of summer natural ventilation were also 
applied, in the context of comparative analysis. It should be mentioned, that in all cases 
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ventilation duration and rate during winter are not modified (2 ACH from 06:00 to 
06:30). 
1. Modification of the ventilation rate. 
The base case scenario was modified to account for variations in the ventilation 
rate. Ventilation rates up to 8 air changes per hour were simulated. Higher venti-
lation rates than 8 ACH were considered achievable only for a limited amount of 
time and therefore they were not tested. 
 
2. Ventilation effect in different building envelopes 
The impact of ventilation in buildings with different insulation levels and heat 
transfer coefficients was studied. Apart from the base case (Uroof : 0.10, Uwalls : 
0.12-0.13), the following scenarios were investigated: 
• Uroof : 0.10, Uwalls: 0.21-0.22 
• Uroof : 0.15, Uwalls: 0.12-0.13 
• Uroof : 0.15, Uwalls: 0.21-0.22 
• Uroof : 0.33, Uwalls: 0.32-0.37 
 
3.  Variations of ventilation schedule 
In the initial case study, enforcement of ventilation during night is rather limited. 
Ventilation is only applied from 22:00 to 24:00 and from 06:00-08:00 mainly for 
security reasons. The second set of simulations investigated the effect of extend-
ed night ventilation schedules on general energy performance, cooling load and 
indoor thermal conditions. The following schedules were applied (all apply to 
the period between May and September): 
• Schedule 2:  22:00-01:00, 06:00-08:00 
• Schedule 3:  22:00-01:00, 05:00-08:00 
• Schedule 4:  22:00-01:00, 04:00-07:00 
• Schedule 5:  22:00-07:00 
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4. Integration of night ventilation with thermal mass 
The positive effect of thermal mass when integrated with nighttime ventilation 
on the energy performance of building has been repeatedly addressed in relative 
literature.  Different ventilation rates were tested in buildings with different 
thermal mass levels (k- values). 
 
4.3.2  Application of mechanical energy recovery ventilation 
 
Mechanical ventilation with energy recovery is an alternative approach which was 
selected for the comparative evaluation of ventilation strategies. As it has been demon-
strated earlier, energy recovery is a recommended ventilation technology for hot and 
humid climates because of its ability to maintain indoor humidity levels stable. Moreo-
ver, in comparison with other mechanical ventilation technologies is more energy effi-
cient, because it exploits the exhausted air from the zone to pre-cool incoming outdoor 
air. 
The proposed configuration consists of stand-alone energy recovery ventilators with 
supply and exhaust fans. Flow rate of supply fans is equal to the flow rate of exhaust 
ones providing balanced ventilation.  
The energy recovery ventilation consists of a plate heat exchanger with the follow-
ing performance indices: 
Table 4.10: Heat exchanger performance indices 
Sensible Effectiveness at 100% Heating Air Flow 0.81 
Latent Effectiveness at 100% Heating Air Flow 0.68 
Sensible Effectiveness at 75% Heating Air Flow 0.84 
Latent Effectiveness at 75% Heating Air Flow 0.72 
Sensible Effectiveness at 100% Cooling Air Flow 0.81 
Latent Effectiveness at 100% Cooling Air Flow 0.68 
Sensible Effectiveness at 75% Cooling Air Flow 0.84 
Latent Effectiveness at 75% Cooling Air Flow 0.72 
 
An economizer controller is also incorporated in the energy recovery ventilator. The 
purpose of the economizer is to bypass the heat exchanger or stop its operation and pro-
vide free cooling, according to a “time-of-day” schedule.   
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The operation of the economizer is also limited within the temperature range 20oC-
26oC, in order to avoid overcooling or overheating. 
The operation schedules of the energy recovery ventilation are: 
• Schedule 1 
Winter operation (1/10-30/4): 06:00-06:30  
Winter economizer availability: 06:00-06:30 
Summer operation (1/5-30/9): 06:00-08:00, 22:00-24:00 
Summer economizer availability: 06:00-08:00 
• Schedule 2 
Winter operation: 12:00-16:00  
Winter economizer availability: 12:00-16:00  
Summer operation: 22:00-07:00 
Summer economizer availability: 04:00-07:00 
• Schedule 3 
Winter operation: 12:00-16:00  
Winter economizer availability: 12:00-16:00  
Summer operation: 17:00-07:00 
Summer economizer availability: 04:00-07:00 
In the third scenario, ERV availability overlaps with the availability of the Variable 
Refrigerant Flow system. ERV operation is assigned precedence with respect to VRF. 
Ventilation rates of 2 to 8 ACH have been evaluated. 
4.4 Simulation software 
Modeling of the energy performance of the building has been carried out by Ener-
gyPlus energy simulation program. (http://apps1.eere.energy.gov/buildings/energyplus/) 
The building model has been developed by means of Sketchup 3D software 
(www.sketchup.com) in combination with OpenStudio project (www.openstudio.net) 
for the specification of building materials, constructions, time-of-day schedules and 
thermostats. 
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Finally the Renewable Energy System has been modeled and evaluated by Ret-
Screen (www.retscreen.net), a clean energy management software system.  
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5 Parametric Analysis and Re-
sults 
Chapter 5 presents the process of the parametric analysis and reports simulation out-
comes. 
5.1 Energy performance of the reference model 
 
Initial simulations on the reference case model have been conducted for Larnaca, 
Athens and Thessaloniki. It is reminded that the reference case ventilation strategy in-
volves the application of natural ventilation by means of window opening from 06:00 to 
08:00 early in the morning and from 22:00 to 24:00 at night, during summer period 
(from May 1st to September 30th). Ventilation rate is set at 2 Air Changes per Hour 
(ACH). During heating season (1/10-30/4), natural ventilation for air renewal is provid-
ed at a rate of 2 ACH from 06:00 to 06:30. 
 The simulation results, as far as the final and primary energy are concerned, are 
summarized at table 5.1.   
 
Table 5.1: Energy demand - reference case models 
  
 
 
 
 
 
Primary energy demand per surface unit is maintained within acceptable levels for 
the attainment of the net zero energy targets. 
 
 
Final energy per use 
[kWhm-2y-1] Larnaca Athens Thessaloniki 
Cooling 11.89 10.93 9.38 
Heating 0.67 1.61 5.07 
Domestic Hot Water 3.90 4.09 4.36 
Lighting 3.67 3.67 3.67 
Equipment 19.64 19.64 19.64 
Total final energy 
[kWhm-2y-1] 39.76 39.94 42.13 
Total primary energy 
[kWhm-2y-1] 115.30 115.84 122.17 
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As it can be seen in Fig. 5.1, energy demand for cooling overcomes energy demand 
for heating. Especially in hotter climates –like Athens and Larnaca – enhanced building 
envelope insulation results in very low levels of heating demand.  
 
 
Figure 5.1: Heating/cooling energy demand (Reference model) 
 
 The following table reports the configuration of the photovoltaic system to be de-
ployed for the generation of electricity, in order to compensate for the energy demand of 
the building. The amount of the 210W PV panels to be deployed in the different case 
studies lies in the range of 16-20 modules.  Net PV surface corresponds to the projec-
tion of the panels on the horizontal plane. PV modules are deployed in two equalized 
arrays with adequate spacing to minimize shading phenomena between arrays. A spac-
ing of 10cm between nearby panels has been also accounted for as well. The total area 
required considering the spacing does not exceed 77m2, which is almost half of the 
available flat roof surface. 
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Table 5.2: PV system dimensioning-reference model 
  Larnaca Athens Thessaloniki 
No of PV panels 16 18 20 
Net PV surface [m2] 20.40 23.21 25.79 
Installation length [m] 8.62 9.71 10.8 
Installation width [m] 7.07 7.10 7.10 
Total  area required [m2] 60.99 68.99 76.73 
Percentage of area for PV system installa-
tion 40.66% 46% 51.15% 
PV power [KW] 3.36 3.78 4.2 
Generated energy (electricity) [kWh/year] 6343 6070 6373 
Final energy demand [kWh/year] 5964.01 5991.5 6319.31 
Final energy demand per surface area 
[kWh/m2y] 39.76 39.94 42.13 
Net energy (electricity) [kWh/year] 378.99 78.5 53.69 
Net energy per surface area [kWh/m2y] 2.53 0.52 0.36 
 
 
With regard to thermal comfort, cooling thermostats have not been met only for a 
limited amount of time, when a thermal zone is considered occupied. The reported val-
ues of non-satisfied thermostats at table 5.3 refer to the total facility. 
 
Table 5.3: Setpoint not met summary –Reference model 
  Larnaca Athens Thessaloniki 
Heating setpoint not met for occupied 
thermal zone [hours] 0 0 6.5 
Cooling setpoint not met for occupied 
thermal zone [hours] 173.17 137.5 117.17 
 
The attained zone air temperature range (min, max) per month and thermal zone of 
the building located in Athens is depicted in the diagrams of the following figure.  
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Figure 5.2: Thermal zone air temperature range – reference model (Athens) 
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5.2 Impact of ventilation rate variations 
Increasing the rate of summer night ventilation up to 8 air changes per hour, the 
cooling energy demand is reduced as shown in the following table 5.4 and figure 5.3. 
Cooling energy reduction rate is similar for all locations. Heating energy demand is not 
changed, as ventilation rate in winter remains unaltered (2 ACH). 
 
Table 5.4: Cooling energy demand vs ventilation rate  
 
Cooling final energy [kWh/m2y] 
Ventilation rate 
(ACH) Athens Larnaca Thessaloniki 
2 10.93 11.89 9.38 
4 10.49 11.39 8.89 
6 10.22 11.08 8.6 
8 10.06 10.88 8.4 
 
 
 
Figure 5.3: Cooling energy demand vs ventilation rate  
 
 Slight reductions in the total primary energy demand emanate from the decrease of 
cooling loads (Fig. 5.4). The impact of the ventilation rate increase on the required PV 
surface is not considerable as well. (Fig 5.5) 
-78- 
 
 
 
Figure 5.4: Primary energy vs ventilation rate  
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Figure 5.5: Final energy and Net PV surface vs Ventilation Rate 
 
As it is expected, higher ventilation rates lead to the reduction of minimum and 
maximum zone air temperatures from May to September. The following figure depicts 
the impact of application of 6ACH ventilation with regard to 2ACH. The average de-
crease of maximum temperatures is 0.3oC, whereas minimum temperatures are reduced 
by 2.3oC in average. The reduction is much more intense in May, June and September 
compared to July and August. 
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Figure 5.6: Zone air temperature reduction with the increase of ventilation rate from to 2ACH to 
6ACH 
5.3 Building envelope modifications 
The following case studies of varied building envelope characteristics have been 
studied: 
• Scenario 1 -  Uroof : 0.10, Uwalls: 0.12-0.13 (base case model) 
• Scenario 2 - Uroof : 0.15, Uwalls: 0.12-0.13 
• Scenario 3 - Uroof : 0.10, Uwalls: 0.21-0.22 
• Scenario 4 - Uroof : 0.15, Uwalls: 0.21-0.22 
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• Scenario 5 - Uroof : 0.33, Uwalls: 0.32-0.37 
All scenarios incorporate the initial ventilation schedule during cooling season. 
As it is depicted in the diagrams of Fig. 5.7 and 5.8, building envelope modifica-
tions implemented in Case Studies 2-4 do not cause noticeable changes in terms of the 
primary energy demand of the building. On the other hand, the considerably degraded 
heat transfer coefficients of the building elements in scenario 5 result in an increase of 
11.52% for primary energy in Athens for a ventilation rate of 2ACH. The respective in-
crease for Larnaca is 8.57%.  
 
 
 
Figure 5.7: Primary energy demand for modified building constructions - 2ACH 
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The increase of ventilation rate does not impose any differentiations regarding the 
raise of primary energy demand compared to the rate of 2 ACH. 
 
 
 
Figure 5.8: Primary energy demand for modified building constructions and ventilation rates 
 
Figure 5.9 presents the variation of final energy and the respective net PV surface 
for the scenarios studied, when 2 ACH of natural ventilation is implemented. For the 
city of Athens, the implementation of scenarios 4 and 5 require the installation of 1 and 
2 PV panels respectively, so that the energy balance to be achieved. In Larnaca, the 
modest degradation of the building envelope introduced by case studies 2-4 with do not 
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entail any reconfigurations of the PV system. Only, scenario 5 leads to the increase of 
the net PV surface by 1 panel.  
 
     
Figure 5.9: Total final energy and Net PV surface for building envelope modifications 
 
The transition from scenario 1 to scenarios 2-4 entails inconsiderable changes in 
terms of cooling energy. On the contrary, scenario 5 causes an increase of 15-18% in 
cooling energy demand with respect to the other four cases. 
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Figure 5.10: Cooling energy for modified building constructions 
 
Overheating degree hours provide a measure of overheating above a threshold tem-
perature and thus a measure of thermal comfort. The base temperature selected in the 
simulation is set to 26oC, which coincides with the specified cooling thermostat, alt-
hough the latter is set as the set-point temperature for only a part of the day.  
 The following diagrams show that as ventilation rate increases, overheating degree 
hours are reduced with a slowly decreasing rate. The trend is similar in all variations of 
the building construction. Another interesting finding is that, concerning scenarios 1 to 
4, the best solution in terms of primary energy demand is the worst in terms of overheat-
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ing degree days. Moreover, the reduction of OHD values between the best and worst 
case scenario is greater in Athens than in Larnaca. 
 
 
 
 
Figure 5.11: Overheating degree hours for modified building constructions 
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5.4 Variations of ventilation schedules 
The following scenarios, which differentiate each other in the duration of the ap-
plied ventilation during summer (from May to September), were simulated: 
• Schedule 1: 22:00 – 00:00, 06:00-08:00  (base case) 
• Schedule 2:  22:00 – 01:00, 06:00-08:00 
• Schedule 3:  22:00 – 01:00, 05:00-08:00 
• Schedule 4: 22:00-01:00, 04:00-07:00 
• Schedule 5: 22:00-07:00 
 
As it is summarized in the following diagrams, increasing the duration of night ven-
tilation entailed insignificant changes of primary energy consumption. The decrease of 
primary energy is around 2% for both Athens and Larnaca, if whole night ventilation is 
applied with at a rate of 2ACH.   
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Figure 5.12: Primary energy demand for different ventilation schedules and ventilation rate 
2ACH 
The reduction of primary energy demand does not overcome 3% in Athens and 4% 
in Larnaca, even if higher ventilation rates are applied (8ACH).   
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Figure 5.13: Primary energy demand for different ventilation schedules 
 
The unnoticeable impact on primary – and thus final – energy demand is reflected 
also on the demand for photovoltaic energy, which remains almost invariable with the 
adoption of different ventilation duration scenarios.  
 Table 5.5: Net Photovoltaic surface for different natural ventilation schedules (Athens) 
Ventilation 
Rate (ACH) 
Net PV  
surface [m2]- 
Sch 1 
Net PV  
surface [m2]- 
Sch 2 
Net PV  
surface [m2]–  
Sch 3 
Net PV  
surface [m2]- 
Sch 4 
Net PV  
surface [m2]–  
Sch 5 
2 23.21 23.21 23.21 23.21 23.21 
4 23.21 23.21 23.21 23.21 23.21 
6 23.21 23.21 23.21 23.21 23.21 
8 23.21 23.21 23.21 23.21 21.92 
 
Table 5.6: Net Photovoltaic surface for different natural ventilation schedules (Larnaca) 
Ventilation 
Rate (ACH) 
Net PV  
surface [m2]- 
Sch 1 
Net PV  
surface [m2]- 
Sch 2 
Net PV  
surface [m2]–  
Sch 3 
Net PV  
surface [m2]- 
Sch 4 
Net PV  
surface [m2]–  
Sch 5 
2 20.40 19.12 19.12 19.12 19.12 
4 19.12 19.12 19.12 19.12 19.12 
6 19.12 19.12 19.12 19.12 19.12 
8 19.12 19.12 19.12 19.12 19.12 
 
 
 
  -89- 
In the case of 2ACH ventilation rate in Larnaca, only the transition from the base 
case scenario1 to scenario 2 comes with a reduction of the required amount of PV pan-
els by 1 module. 
 
 
 
 
Figure 5.14: Total final energy and Net PV surface for different ventilation schedules –  
2 ACH 
The outcomes in terms of cooling energy demand have been modest as well. Im-
plementation of whole night ventilation reduces final cooling energy by 1.0 KWh/m2/y 
in Athens and by 1.5 KWh/m2/y in Larnaca, as it is shown in fig. 5.15. Intermediate 
schedules result in even more moderate payoffs.  
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Figure 5.15: Cooling energy demand for different natural ventilation schedules 
 
On the contrary, overheating degree hours are effected in a more noticeable way. In 
the following diagrams, it is shown how ventilation rates and duration influence over-
heating degree hour values. The degree of reduction of OHD between the shortest-
duration and the longest-duration ventilation schedule is raised with the increase of ven-
tilation rate. In Athens, OHD26 are reduced by 35-51% as the rate of ventilation is in-
creased from 2 to 8 ACH. Correspondingly, OHD26 in Larnaca decreases by 20-30%. 
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Figure 5.16: Overheating degree hours for different natural ventilation schedules 
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5.5 The effect of thermal mass 
To evaluate the combined effect of thermal mass with night ventilation on the ener-
gy performance of the building, constructions with different levels of thermal mass have 
been tried out. Thermal mass levels were quantified by k-values, which are dependent 
on the thickness, density and specific heat of the building elements of the constructions.  
The base case reference model is considered as a building with the following high 
thermal mass constructions: 
• Brick walls: k-value: 132KJ/m2K 
• Concrete walls and roof: 228KJ/m2K 
A second building model with medium thermal mass capabilities have been consid-
ered, where internal plaster has been substituted by gypsum board. Hollow clay bricks 
and reinforced concrete have been replaced by similar building elements with lower 
specific heat. In the second case study, k-values were as follows:  
• Brick walls: k-value: 88KJ/m2K 
• Concrete walls: k-value: 103KJ/m2K 
• Roof: k-value: 95KJ/m2K 
Finally, a third, low mass building model was assumed, where k-values were ex-
tremely low: 
• Brick walls: k-value: 17KJ/m2K 
• Concrete walls: k-value: 17KJ/m2K 
• Roof: k-value: 19KJ/m2K 
The base case scenario of night ventilation is applied (from 22:00 to 00:00 and from 
06:00 to 08:00). 
The diagrams of figure 5.17 show that as the thermal mass of the building elements 
is reduced, the energy performance is degraded. 
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Figure 5.17: Primary energy demand for different thermal mass levels and ventilation rate 
2ACH 
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However, this improvement is not sufficient to create a considerable change in the 
PV system configuration. As it is shown in the Larnaca diagram, only the transition 
from a low thermal mass building to a medium thermal mass one results in the reduction 
of the required PV panels by 1 module, if ventilation is implemented at a rate of 4 ACH.  
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Figure 5.18: Total final energy and Net PV surface for different levels of thermal mass and venti-
lation rates 
As far as thermal behavior is concerned, OHD values are reduced with the im-
provement of thermal mass. The relative reduction is much more intense in the climate 
of Thessaloniki than in Athens and Larnaca. 
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Figure 5.19: Overheating degree hours for different levels of thermal mass 
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5.6 Impact of energy recovery mechanical ventila-
tion 
In the final stage of the simulations, the effectiveness of the energy recovery ventila-
tor has been tested.  
The operation schedules of the ERV have been presented again in chapter 4, but 
they are summarized here for convenience:  
 
• Schedule 1 (ERV, S1) 
Winter operation (1/10-30/4): 06:00-06:30  
Winter economizer availability: 06:00-06:30 
Summer operation (1/5-30/9): 06:00-08:00, 22:00-24:00 
Summer economizer availability: 06:00-08:00 
• Schedule 2 (ERV, S2) 
Winter operation: 12:00-16:00  
Winter economizer availability: 12:00-16:00  
Summer operation: 22:00-07:00 
Summer economizer availability: 04:00-07:00 
• Schedule 3 (ERV, S3) 
Winter operation: 12:00-16:00  
Winter economizer availability: 12:00-16:00  
Summer operation: 17:00-07:00 
Summer economizer availability: 04:00-07:00 
It can be seen, that schedules 1 and 2 of the ERV operation are similar to scenario 1 
(NV, S1) and scenario 5 (NV, S5) of natural ventilation implementation. Simulations 
have been conducted for Athens and Larnaca. 
From figures 5.20-5.22 which refer to the city of Athens, it is obvious that in terms 
of final energy, required PV surface and OHD values, (ERV, S1) schedule is slightly 
worse than the equivalent (NV, S1) scenario. Schedules (ERV, S2) and (ERV, S3) – in 
which energy recovery ventilation operates during the whole night – result in the slight 
improvement of the overheating degree hours, which cannot be counterbalanced with 
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the considerable raise of final energy and resulted PV surface. The increase in the final 
energy demand of mechanical ventilation (ERV, S2) with respect to natural ventilation 
(NV, S5) lies in the range of 7-20% and it is more intense as ventilation rate increases. 
 
Figure 5.20: Final energy consumption (ERV vs natural ventilation) - Athens 
 
 
Figure 5.21: Net PV surface (ERV vs natural ventilation) - Athens 
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Figure 5.22: Overheating Degree Hours (ERV vs natural ventilation)-Athens 
 
As far as Larnaca is concerned, the findings are similar. Increase in final energy is a 
little less than in the case of Athens, when ERV is used (schedule ERV,S2) instead of 
natural ventilation (NV, S5). The maximum increase is almost 15%. However, over-
heating degree hours undergo considerable reduction (15-40%), as whole night natural 
ventilation is replaced by energy recovery.  
 
 
Figure 5.23: Final energy consumption (ERV vs natural ventilation)-Larnaca 
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Figure 5.24: Net PV surface (ERV vs natural ventilation)-Larnaca 
 
 
Figure 5.25: Overheating Degree Hours (ERV vs natural ventilation)-Larnaca 
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6 Conclusions 
The present chapter is concerned with the conclusions drawn from the outcomes of 
the simulation analysis that have been already presented in Chapter 5.  A discussion is 
held upon the effects of natural ventilation on the energy performance of the building 
and on the interaction of natural ventilation with building construction parameters. Re-
sults concerning the implementation of the energy recovery ventilation are discussed as 
well. 
A detailed presentation of the single-family, single-storey, base case building model 
has been provided in previous chapters. The basic design principles are summarized 
again here: 
• The opaque building elements of the exterior envelope of the house are ex-
tremely well insulated. Heat transfer coefficients do not overcome 
0.13W/m2K. The same applies to the glazing elements of the openings with 
the heat transfer coefficient of glass and frames to be less than 1W/m2K. 
• High levels of air tightness are attained and uncontrolled flow of air is at a 
rate of 0.1ACH. 
• Moderate use of natural ventilation which is applied in summer months dur-
ing night and early in the morning at a rate of 2ACH, in order to provide free 
cooling of the building. 
• The energy systems for cooling and heating – a variable refrigerant flow sys-
tem and an air source heat pump coupled with radiant heating – do not in-
corporate sophisticated technologies but they feature high performance and 
energy efficiency. 
The energy performance analysis of the reference model for the different location 
case studies (Athens, Larnaca and Thessaloniki) demonstrates the following: 
• The annual primary energy demand does not exceed 120KWh per square 
meter of floor area in Larnaca and Thessaloniki and barely exceeds this val-
ue in Thessaloniki.  
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• The cooling energy demand ranges between 9.38KWh/m2y in Thessaloniki 
and 11.89KWh/m2y in Larnaca. These values do not exceed the 15KWh/m2y 
criterion set by Passiv Haus requirements [67]. 
• Extremely low levels of heating energy demand are achieved, ranging from 
0.67 to 5.07 KWh/m2y, as a result of the enhanced characteristics of the 
opaque and glazing building elements. 
The net zero energy balance is easily achieved in all cases. The percentage of the ar-
ea on the flat roof of the building that should be covered by PV panels for the genera-
tion of the required energy does not exceed 51% even in the city of Thessaloniki, where 
levels of solar irradiance are lower than in Larnaca and Athens. Fewer photovoltaic 
panels are required in Larnaca compared to Athens to compensate for the almost equal 
levels of final energy demand due to the higher solar irradiance levels of the location.  
From the aforementioned outcomes, it is concluded that especially in hotter climates 
(e.g. Larnaca) with increased solar potential, the net zero energy balance is achievable 
even if the very high standards of the building envelope are relaxed. 
In terms of thermal comfort, cooling and heating thermostats are not met for only a 
limited amount of time. 
The gradual scaling-up of the ventilation rate from 2 ACH to 8 ACH results in a low 
decrease of cooling loads, as shown in figure 6.1. The reduction does not exceed 10% of 
the initial cooling loads and it is slightly higher in Thessaloniki than in Athens and Lar-
naca. A possible explanation to this finding is that lower outdoor temperatures prevail in 
the milder climate of Thessaloniki during ventilation application, in comparison to those 
in Athens and Larnaca. 
Increased ventilation rates cause the reduction of the zone indoor temperatures. As it 
has been shown in Chapter 5, the average reduction of maximum zone temperatures 
during summer period is 0.3oC, when the night ventilation rate is increased from to 2 to 
6 ACH. The respective average decrease of minimum indoor temperatures is higher 
(2.3oC), which is attributed to the fact that minimum ambient temperatures occur during 
night, when ventilation is applied.   
In general, the raise of ventilation rate does not induce significant changes in the 
number of PV panels needed to ensure net zero energy balance. Only in the case of Lar-
naca, transition from to 2 to 4ACH causes a reduction of the required PV capacity. 
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The extension of night ventilation operation results in a moderate decrease of cool-
ing loads and primary energy demand. If ventilation is applied from 22:00 to 07:00 at 
2ACH, there is a primary energy saving of almost 2% and up to 3-4% in case of higher 
ventilation rates (8ACH) with respect to the base case scenario. 
Again, extended application of night ventilation does not result in noteworthy 
changes of required PV capacity. In the case of Athens, 8ACH of night ventilation 
should be implemented to reduce the number of PV panels by one module.  
The effect of the duration of ventilation is more perceptible in terms of thermal 
comfort. The implementation of whole-night ventilation at 8ACH should be considered 
if applicable, as it causes a 50% reduction of the overheating degree hours with respect 
to the base case scenario in Athens. The respective percentage is 30% in Larnaca.  
Small scale modifications of the opaque building element parameters do not impact 
considerably the primary energy consumption of the building. A degradation of the wall 
heat transfer coefficients from 0.12 to 0.21 W/m2K with the roof heat transfer coeffi-
cient to be increased from 0.10 to 0.15 W/m2K increases overall energy demand of the 
building by 2.18% in Athens and 1.27% in Larnaca, if the 2ACH ventilation scenario is 
applied. Scaling-up of ventilation rate induces comparable outcomes.  
The changes are more radical if building envelope is further degraded with U-values 
equal to 0.33 and 0.32-37 for the roof and walls respectively. Then, primary energy de-
mand rises by 11.52% compared to the base case for Athens and by 8.57% for Larnaca. 
From the above energy demand values, it is obvious that the impact of building en-
velope degradation, as far as insulation is concerned, is more significant in the case of 
Athens than in the warmer climate of Larnaca.  
This conclusion is supported from the following diagrams. In the case of Larnaca, 
PV capacity requirements remain unaltered as we move from scenario 1 to scenario 4 
and only if scenario 5 (Uwalls: 0.32-0.37, Uroof: 0.33) is adopted, an additional PV panel 
is required in order to provide the required capacity. For Athens, if the U-value of the 
roof increases from 0.10 (Scenario 3) to 0.15W/m2K (Scenario 4), a need for increased 
PV capacity emerges. As it was expected, additional capacity is required during transi-
tion from scenario 4 to 5. This finding is also related to the greater solar potential of 
Larnaca compared to that of Athens. 
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Another conclusion is that excessive insulation does not necessarily lead to im-
proved performance in terms of indoor temperatures. The results show that the amount 
of overheating degree hours gradually increases from scenario 4 to scenario 1, although 
enhanced insulation is applied. Of course, this is not always the case, as the worst-
insulated building of scenario 5 is also the worst in terms of overheating degree hours. 
The simulations have also shown that the adoption of higher thermal mass building 
elements results in energy savings and improvement of thermal comfort. The savings 
are moderate and an explanation is that the short-duration ventilation scenario has been 
tested. It is possible that the effect of thermal mass will be more intense, if it is coupled 
with natural ventilation applied for longer duration. 
So far we have shown that the net zero energy balance is achieved by the implemen-
tation of natural ventilation strategies and acceptable thermal comfort conditions are 
ensured. 
Simulations have also shown that the application of mechanical ventilation results in 
considerable increase of energy demand, which could reach 20%. Although indoor tem-
perature distribution is more controllable, the solution of mechanical ventilation, even 
with energy recovery, is not energy efficient for a residential building, taking into ac-
count the installation and maintenance cost of the equipment. 
The study presented in this dissertation was mainly concerned with the question of 
the feasibility of the net zero energy balance of a building located in warm and hot cli-
mates and how ventilation strategies affect cooling loads and the overall energy de-
mand. It has been addressed, that all of the investigated ventilation strategies satisfy the 
target of net zero energy balance. 
A life-cycle cost process is essential in order to evaluate the performance of the pro-
posed model and its variants, in terms of economic viability. 
The model applied in this dissertation concerns with a residential, single-storey 
building. An interesting analysis would involve the adaptation of the model in order to 
assess energy performance in larger, multi-storey residential or commercial buildings. 
By scaling up the model, it is expected that energy savings caused by the implementa-
tion of various ventilation strategies would be scaled up as well. 
The effect of thermal mass on energy savings and thermal comfort needs extensive 
investigation, with the coupling of different levels of thermal mass with several night 
ventilation schedules. 
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An interesting extension of this work would be the conduction of a more detailed 
analysis about the impact of the proposed strategies on thermal comfort, by evaluating 
specific thermal comfort indices, such as PMV and PPD. 
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